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Abstract

A nonequilibrium thermodynamic model of dissipative processes in the tribological system
steel — carbon thin film was developed. Cross coefficients and driving forces in the Onsager
equation for the diffusion of carbon onto the friction surface of hypereutectoid steel are
calculated. The thermodynamic conditions for the implementation of the selective transfer
process in the tribological system under consideration are determined. Simple differential
equations are obtained for the tribological system of carbon steel - graphite, which describe
the effect of stresses on the diffusion of carbon, production based on nonequilibrium
thermodynamics. It is shown, that the implementation of selective transfer requires the
development of diffusion processes without the formation of excess phases. Therefore,
carbon steel should be alloyed mainly with elements of the first group that increase the
thermodynamic activity of carbon in steel - silicon, nickel, copper, cobalt and phosphorus.
Recommendations are formulated on metallic materials choosing for minimal contact wear
in contacted pairs of machines parts.
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Introduction

The structure of the friction surfaces is dissipative, i.e. formed and
maintained in a system with a large number of degrees of freedom
using an external energy source.! An important feature characterizing
the kinetics of structural changes in the metal surface during friction
is the high heating and cooling rate of surfaces upon the transfer
of mechanical energy to heat, significantly exceeding the heating
and cooling rates under ordinary heat treatment conditions and the
presence of significant diffusion fluxes of atoms in the surface layers.>
The authors of® observed the diffusion of carbon atoms into the
contact zone of steels and its precipitation in the form of graphite,
which contributed to a decrease in the coefficient of friction and wear.
A promising task is the theoretical analysis of carbon diffusion in a
tribological system with graphite thin film and the implementation of
the process of selective carbon transfer in this system.

The aim of this work is a nonequilibrium thermodynamic analysis
of dissipative processes in the steel — carbon thin film (St — Ctf)
tribological system with finding the values of thermodynamic forces,
kinetic coefficients, and diffusion fluxes.

The basic equations of diffusion

To describe the kinetics of dissipative processes, one can use
the equations of nonequilibrium thermodynamics.*® Changes in a
complex or composite system under constant external conditions can
be described as a process of increasing entropy. The rate of increase
of entropy ¢ can be represented by the sum of the products of flows
and the corresponding forces for all transfer substrates in the amount
of N:+¢

o =(ds/di)irrev = 3 J,x, (k=1,..N), (1)
k=1

In the general case, the thermodynamic equations of motion have
the form [4, 5]:

J, = é L,X, (i=1,..N), 2)

where J, — fluxes; X, — thermodynamic forces; L, = L, — kinetics
coefficients of Onsager®; i,k — charge numbers (transfer substrates)

The main driving forces of phase transformations in nonequilibrium
thermodynamics are the gradients of the chemical potentials of their
components.*® When considering a model nanoscale system, it is
possible to use, as gradients, not gradients, but finite differences in
chemical potentials (-A,) and other thermodynamic parameters’® at
known small distances.

If, for example, two charges are used as charges of the diffusion
process in a carbon eutectoid steel - the concentration of carbon and
iron, then, according to® the equations of motion take the form:

Sy =Ly X+ L, X, (3.1
Jy =Ly X, +L,X, (3.2)

where J, — flux of carbon; J, — flux of iron; X, = (-Aw,, ), X, =
(-Au,) — thermodynamic forces of iron and carbon. The potential
drop has a “+” sign as it increases, and the flow is directed towards
a decreasing potential, therefore the expressions for forces contain a
“-” sign.

A very intensive transfer of a solid solution (mainly iron) should
accompany the process of carbon diffusion in steel. This condition
can be fulfilled because of an increase in the iron flux due to the cross
coefficient L ,.

In the subsequent theory, the non-equilibrium theory of diffusion
processes develops successfully, see e.g. works,”* but diffusion
processes in tribological systems are practically not considered.
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Consequently, until now, questions remain open about the need to
use the Onsager equations (1) for dissipative processes in tribological
systems.

Description of contact diffusion process

We consider the dissipative processes that occur during friction
in the system into carbon steel - carbon thin film. In our system,
there are rubbing pairs — the doped o phase (F) and the carbon thin
film (Ctf), in which flows of carbon, iron, an alloying element, and
vacancies flow (Figure 1). We will use four quantities as charges —
the concentrations of carbon, iron, an alloying element, and vacancies.
The direction of the diffusion flux of atoms is determined by the
distribution of pressure and temperature along the depth of the active
surface layer.

F Ctf
Je.
.‘—
I N
Iy
— 5
K
-

Figure | Scheme of the diffusion in the system Fe-C-X (alloying element) -
Ctf.

Will consider that the volume of the system can change in general
case, which is why condition of complete equality of streams 0 not
executed:

Jpe ¥yt +J, = 0. 4)

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

Jre = ~LyAbtg, = LAy, = LiyAu, = L Ap,s (CHY
Jo=—LyAug, — LzzA:“C - LBA,uX - L24A,uy; 5.2)
JX =L, Ay, —L32A,uc —L33A,UX —L34A,UV; (5.3)
JV = —L41AyV - L42A/4C - L43A,uX - L44AyV; (5.4)

whereJ, ,J., J,, J,—fluxes of iron, carbon, alloying clement and

vacancies accordingly.

Being base on generals of nonequilibrium thermodynamics, it is
possible to find the value of kinetic coefficients, so as it was executed
in process.' In the conditions of complete equilibrium:

Ay, =0, M. =0, M, = O ta Au, = 0. 6)

For the diagonal components of the system of equations (5.2) -
(5.4) it is possible to write down:
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=L.L, .ik=1..4 (7

i kk 0"

L L

ik ki

Taking into account Onsager’s ratio, find connection between
kinetic coefficients [14]:

Ly =L =Ly x Ly »

Next, we perform some specific calculations. First, let us consider
the calculations of diffusion fluxes for the simplest case of a binary
alloy of the Fe — C system.

ik=1.4 ®)

Calculation of diffusion fluxes for the case of
a binary alloy of the Fe — C system

Let us find the values of diffusion fluxes for the case of a binary
alloy of the Fe — C system with 1.5% C at 950 ° C.

Taking into account relations (3), we obtain the following equations

of motion with three independent coefficients L, L,,, and L, *
pe = =LA, = Ly Au, 9.1
Iy =Ly At g — LpyApt, ©2)
where A, = Au,, — Au, —redused thermodinamic force.
C}e >
App, =—-RTIn = -101681n

Cr, 0,937
=-21,8J, (10)

where C, — iron concentration in metastable equilibrium (Figure
2); C’,, — iron concentration at stable equilibrium; R — universal gas
constant;

ag 1,00

Apte =—RTIn—Z =-101681In =
c

592,4 de,  (11)
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Figure 2 Part of the Fe-C state diagram with plotted carbon isoactivity lines
in a metastable system.®

where a€ . — the value of the thermodynamic activity of carbon in
cementite when choosing graphite as the standard state of carbon, a€_,
=1,00 (Figure 2).
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As is known from," the kinetic coefficients L, are related to the
diffusion coefficients D, by the relation:

L,=CD,/RT, (12)

where C, — iron concentration in alloy (0,934); C, — carbon
concentration in alloy (0,066).

The temperature dependences of the self-diffusion coefficients of
iron and carbon diffusion in austenite are:'®

y -309500 )
Dy, =5,8exp| ——— |em” /s
RT

(13.1)

, , ~134000
D! = (0,07 +0,06%C) exp| ————

em’ /s (13.2)
RT

At a temperature

950°N : D, = D", ~ 3,8410 "cm’ /5;D, = D' =

Using relations (9) and (7), we find the values of the kinetic
coefficients for our system:

L,=3,53x10"";L,, = 2,04x10 ;L = —0,85x10"*

22

Therefore, the system of equations (5) takes the form:

—14 -12
Jo=—0,85%10"" (Ay, — Au,) +2,04x107 2 A, (14)

It follows from equations (11) that the iron flux having the opposite
sign significantly increases due to the cross coefficient L,, and the
significant value of the thermodynamic force Au, . A positive carbon
flux is slightly reduced due to the cross coefficient L ,.

As direct calculations show, for

A, = 0:J, =—5,03x10 ", J, =1,21x10 cm’ /s. Tn
the absence of cross-links, the flux of iron has a much smaller value:
Jp =— 0,76 10" em® /5.

The influence of alloying elements on the
carbon diffusion in the tribological system
The change in the thermodynamic activity of carbon in steel upon

alloying with component i can be found by the procedure®?!' from the
equation:

i a
Apg =In(—=) = BiN,
a

(15)

Co

where B, — the coefficient of influence of the element on the
thermodynamic activity of carbon in steel; Ni — element content in
steel in atomic fractions.

The B, value is calculated through the interfacial distribution
coefficient of the alloying element Ki = Ni (K) / Ni (o) and the atomic
fraction of carbon in steel Nc'”:

(Ki —1) + (Ne(K) — KiNe(a))
(Ki —1)Nc + (Ne(K) — KiNe(r))

pi=-

(15)

With a small error for low alloy steels, one can take Nc (K) = 0.25,
Nc (o) =0.001, the carbon content in undoped steel phases, taken from
the Fe — C state diagram.

3,1510 " em’ /5.
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Alloying hypereutectoid steel with elements of the first group,
which are slightly soluble in cementite (K<1), such as silicon, nickel,
copper, and aluminum, increases the thermodynamic activity of
carbon in steel. This helps to increase the diffusion flux of carbon
from the metal to the graphite thin film and prevents its dissolution.
The carbide-forming elements of the second group — chromium,
manganese, molybdenum, vanadium, are concentrated in cementite
(K> 1) and reduce the thermodynamic activity of carbon in steel.'”2
This will reduce thermodynamic forces for carbon diffusion.

Consider, for example, the effect of 1% silicon on the
thermodynamic strength of carbon in steel with 1.5% C (N, = 0.066,
N,,=0.018, N, = 0.916) taking into account the results of.""

Using the distribution coefficient of silicon between the a-phase
and cementite (0.25), we find equations for calculating the influence
coefficients

Bg; ~~1/(~0,75Nc +0,25) (16)

where from ,Basl. ~ S;ﬁaSiNSi =0,09,

Au, =-10168x 0,09 = 875J.

If 1.0% Cr is present in the steel, as an ordinary addition, then
its effect on the thermodynamic activity of carbon will be negative.
Using the distribution coefficient of chromium between the a phase
and K, carbide equal to 4, we find the equations for calculating the
influence coefficients f.,

Be, =-3,246/(3,0Nc +0,246) an

where from ,BaCr = - 7,3;,BaCrNCr =-0,088

In order for our carbon tribological system to selectively transfer
carbon from metal to graphite thin film, and not vice versa, it is
necessary that the thermodynamic activity of carbon in steel exceed
1.0 when graphite is chosen as the standard state. For this, steel should
be alloyed with elements of the first group. In a first approximation,
the following thermodynamic condition must be satisfied for alloying
elements in steel:

S Aug =L fiN, =0 (18)
1 1
If condition (18) is not satisfied, then in the process of friction

a decrease in the thickness of the graphite thin film occurs and the
selective transfer process is violated.

Assessment of the effect of stresses on carbon
diffusion in a tribological system

If, as the charges of the dissipation process in a tribological system,
two values are used - the concentration of carbon particles and the
micro deformation of steel €, then, according to (2), the equations of
motion take the form:

Jy =L X, +L,X, (19.1)

Jy, =L, X +L,X, (19.2)

where X = Ag . — the thermodynamic force for carbon is a change
in the chemical potential in the friction section, X, = ¢ is the local
stress (pressure) in the friction section.
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The system of equations (19) describes the contribution of tensions
and strains to carbon diffusion. However, in it we still do not know the
coefficients of the equations associated with tensions. We find their
values in the uniaxial tension approximation.

Then the coefficient L,, characterizes the direct relationship:

J,=deldt=1,0. (20)
where € — steel deformation in the axis direction X.
Consider that with uniaxial compression*
o, =Ee, 21)
where E — modulus of steel resiliency (~2,17-10° Mma),
Then expression (20) can be transformed as follows:
de/dt=1,0=L,Ee =—¢, (22)

L

where the following values are entered: v —is the strain propagation
velocity in steel (~1000 m/s)*; L — is the characteristic distance
over which micro deformation extends (the size of the protrusions
deformed during friction). We assume that the size of the protrusions
is of the order of the thickness of the graphite thin film (~ 100 nm).

From equation (22) we find that the coefficient L, is equal to:

V
L,=—.

(23)
22 IE

The cross coefficients L ,,= L,, for a nonequilibrium thermodynamic
system are found with sufficient accuracy by the formulas proposed
in?!;

24

Thus, we have obtained simple differential equations for a
tribological system that describe the effect of tension on carbon
diffusion, derived from nonequilibrium thermodynamics. From the
system of equations (19) it follows that the significant temperature
and stress gradients arising during friction increase the diffusion
rate of alloying elements and carbon. Moreover, as can be seen from
Figure 1 and the system of equations (5), the diffusion fluxes of the
alloying element can be directed towards the contact of the conjugated
pair of carbon steel - carbon thin film.

In,? it was shown that for the implementation of selective transfer,
the development of diffusion processes of alloying elements without
the formation of excess phases is necessary. In our case, such alloying
elements are elements of the first group that do not form compounds
with carbon. Therefore, carbon steel should be alloyed mainly with
elements of the first group, which increase the thermodynamic activity
of carbon in steel and do not form other excess phases - silicon, nickel,
copper, cobalt and phosphorus. Although aluminum increases the
thermodynamic activity of carbon in steel, it can form solid oxide
inclusions that contribute to abrasive wear of steel at the contact point.
Therefore, the aluminum content in the steel should be limited.

Conclusion

1. The expediency of applying the equations of nonequilibrium
thermodynamics to the analysis of dissipative processes in the
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composite tribological system of steel - graphite thin film is
shown.

2. Anexample is given of calculating the values of thermodynamic
forces and kinetic coefficients for diffusion fluxes in a simple
tribological system carbon steel (1.5% C) - graphite at 950 ° C.

3. It is shown how alloying elements affect the magnitude of
diffusion fluxes in the tribological system of alloyed carbon
steel - graphite. The necessary thermodynamic condition for the
existence of selective transfer in this system is found.

4. Simple differential equations are obtained for the tribological
system of carbon steel - graphite, which describe the effect
of stresses on the diffusion of carbon, production based on
nonequilibrium thermodynamics.

5. It is shown that the implementation of selective transfer
requires the development of diffusion processes without the
formation of excess phases; therefore, carbon steel should be
alloyed mainly with elements of the first group that increase
the thermodynamic activity of carbon in steel - silicon, nickel,
copper, cobalt and phosphorus.
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