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Abstract: The influence of the nonequilibrium state of a material on its wear resistance is investigated
in this study. Using methods of non-equilibrium thermodynamics and the theory of self-organization,
a non-equilibrium material is shown to possess an overall lower wear rate than a material in an
equilibrium state. This was experimentally demonstrated to be the case in different materials and
tribosystems, such as Babbit operating in complete lubrication conditions, copper in the current
collector and a cutting tool with a coating applied on it.
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1. Introduction

Previous works concerning nonequilibrium thermodynamics and self-organization, characterize
friction as a nonequilibrium process [1–5].

In [6–10] it is stated that materials enter a nonequilibrium state during friction due to the formation
of secondary structures on the surface. In [2] the analyzed tribosystem deviated significantly from
the equilibrium state. State analysis was based on the concept of reserved energy, the entropy of the
system and entropy production. If energy delivered to the system has insufficient time to be dissipated
by channels such as thermal conductivity, heterogeneous secondary structures that affect the state
of the contacting surfaces are expected to manifest and grow in sliding bodies. Therefore, entropy
might decrease, and the system will shift to a non-equilibrium state. According to [6], once secondary
structures are formed, friction energy gets unevenly distributed within the rubbing body and becomes
mostly concentrated in secondary structures.

As a consequence, the secondary structures perform protective functions, limiting the spread
of interactions inside the rubbing bodies and reducing their intensity. Their appearance, therefore,
corresponds to the Le Chatelier principle [11]. All other conditions being equal, increasing the degree
of uneven distribution of energy within the rubbing body leads to a decrease in its entropy [12].

In a rubbing body, the friction energy is distributed according to a monotonically decreasing
function with distance from the friction zone [6]. Conversely, the distribution of friction energy becomes
abrupt as secondary structures form. Most of the friction energy is concentrated within the secondary
structures, sharply decreasing at their boundary. This energy distribution has a greater degree of
non-equilibrium compared to the case of a rubbing body where secondary structures are not present.
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Under equal friction energies, the entropy of a friction body with secondary structures will be less
than the entropy of a friction body without them. Thus, as the material reacts to friction, it will enter a
non-equilibrium state. There are processes which strive to reduce entropy within the rubbing material,
i.e., through negative entropy production. The material reacts to friction by dissociating from the
equilibrium state, which leads to a decrease in the wear rate [13]. In this context, it becomes necessary
to investigate the wear rate behavior of materials initially present in a state of non-equilibrium.

Theory

From [5,11], it follows that the wear rate decreases along with entropy production. In [11,13], it is
noted that the production of entropy markedly decreases under tougher friction conditions due to
self-organization and the formation of dissipative structures in the friction zone. Dissipative structures
are characterized by processes with increased free energy and negative entropy production. The latter
contributes to a decrease in the total entropy production of a friction body compared to its state under
the same conditions without self-organization.

The entropy production of a rubbing body without self-organization is given in expression (1):

diS1

dt
=

∑ diS f

dt
(1)

where
∑ diS f

dt is the sum of entropy production processes occurring in the rubbing body as a result of

friction without self-organization. It should be noted that
∑ diS f

dt > 0.
The production of entropy after self-organization is given in (2):

diS2

dt
=

∑ diS f

dt
−

∣∣∣∣∣∑ diSs

dt

∣∣∣∣∣ (2)

where: diS2
dt is the production of the entropy in the rubbing body following self-organization;

∑ diSs
dt is

the sum of entropy production processes contributed by dissipative structures.
The second term on the right-hand side of (2) is expressed in terms of absolute value with a

negative sign to emphasize the negative entropy production of dissipative structure processes.
Comparing (1) and (2) it can be concluded that:

diS1

dt
>

diS2

dt
(3)

Thus, according to [11], all other conditions being equal, the wear rate of the rubbing body during
the course of self-organization is less than that of the rubbing body where self organization is absent.

From the point of view of thermodynamics, the nonequilibrium state of a material is characterized
by the relatively high value of internal energy and the relatively low value of entropy. Examples of
such materials include hardened alloys as compared to quenched and annealed materials, alloys with
a high value of internal stresses as compared to annealed materials and others. Relaxation processes
occur in these materials during heating, which bring it closer to the equilibrium state. In quenched
materials, such processes can be the decomposition of a supersaturated solid solution, a decrease of
the density of vacancies or recrystallization, whereas in materials that have increased internal stresses,
these processes include the movement of dislocations with increasing uniformity of distribution by
volume. Different relaxation processes can proceed through various mechanisms. Increasing entropy
and decreasing internal energy are common features of these processes. Relaxation processes are
accompanied by positive entropy production.
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During the course of relaxation processes under friction, the entropy production of the rubbing
body will increase in both cases with (4) and without self-organization (5):

diS1

dt
=

∑ diS f

dt
+

∑ diSr

dt
−

∣∣∣∣∣∑ diSs

dt

∣∣∣∣∣ (4)

diS1

dt
=

∑ diS f

dt
+

∑ diSr

dt
(5)

where: diSr
dt are the entropy production relaxation processes.

Comparing (5) and (4) with (1) and (2) respectively, it can be concluded that entropy production
increases during the passage of the relaxation processes. Therefore, an increase in the wear rate
is anticipated.

However, it was noted in [14] that the probability of self-organization rises along with the
increasing complexity of the system. In [15,16], the probability of self-organization and the formation
of dissipative structures with regard to friction processes on the surface of a rubbing body is estimated
depending on the number of thermodynamic flows interacting with the rubbing body. In (6), the
probability of thermodynamic stability loss of a rubbing body is given, which is a prerequisite for the
initiation of self-organization:

P = 1−
1

2n
(6)

where: P isthe probability of loss of thermodynamic stability, n is the number of thermodynamic fluxes.
From (6) it follows that the probability of thermodynamic stability loss increases alongside the

number of flows. Consequently, the probability of self-organization also increases.
During friction of relatively non-equilibrium materials, thermodynamic flows of matter, energy,

dislocations and accompanying relaxation processes are added to the thermodynamic flows caused by
friction. According to (6), this increases the probability of self-organization

In non-equilibrium materials, self-organization will take place under less severe friction conditions
than in equilibrium materials. Given the same friction conditions, self-organization is unlikely to
commence in equilibrium materials but may take place in non-equilibrium ones. Self-organization in
non-equilibrium materials will reduce the wear rate several times compared to relatively equilibrium
materials without self-organization [13].

It should be noted that all previous arguments only apply if the properties of equilibrium and
non-equilibrium materials are similar.

2. Materials and Methods

Three different tribosystems operating under different conditions were taken into consideration.
The first tribosystem simulated the friction process of a journal bearing and a steel shaft. Babbitt

was chosen as the antifriction material (i.e., materials that have low friction coefficient, low ability for
seizure), which are used in sliding bearings. Composition of Babbit is shown in Table 1. This material
is capable of natural aging at a temperature of 20 ◦C. Determination of properties and tribological tests
of Babbit were carried out after aging for one day, one month, six months and one year. Hardness,
tensile strength, friction coefficient, score resistance and wear rate were evaluated.

Table 1. Composition of Babbitt shoe.

Elements Composition, % Weight

Pb Sn Na Ca Mg
balance 2.01 0.3 0.14 0.033
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The tribological tests were performed on the rotating steel roller–fixed shoe made of antifriction
alloy (Figure 1). The analog of nickel-chromium steel SNC28 (Hakuro Group, Kasai, Japan) was used
for roller production (Table 2). The radius of roller and shoe was 20 mm, and the width was 10 mm.Lubricants 2018, 6, x  4 of 8 
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Figure 1. Kinematic configuration of the friction mechanism; 1—shoe, 2—roller, 3—lubricant.

Table 2. Composition of steel role.

Elements Composition, % Weight

Main Components Impurities

Ni Cr Mn Si C Mo Fe Cu S Al V Nb
2.81 0.681 0.625 0.295 0.35 0.477 94.42 0.087 0.011 0.018 0.185 0.013

The steel roller rotated at a speed of 500 r/min. An API CB group oil was used as a lubricant.
To evaluate the score resistance, the load increased step by step every 10 min by 50 N until a sharp

(by several times) increase in the friction coefficient was reached. The wear of the steel roller and the
Babbit shoe were determined by the difference in mass before and after testing for 40 h under a load of
8 MPa.

Sliding electrical contacts are another tribosystem observed in this study. The test circuit was
similar to that shown in Figure 1. The tests were performed in dry friction conditions. A lateral
reciprocating movement of the shoe with a frequency of 200 displacements/min, and an amplitude of
10 mm was added to the rotation of the roller. The load was 245 N. An electric current of 40 A passed
between the contacts. The roller was made of copper produced in a vacuum furnace. The cast billet
was hot rolled. The copper was quenched in water at temperatures of 800, 850, and 900 ◦C. Quenched
specimens were cold rolled with a degree of compression of 60%. The material properties of copper
samples are shown in Table 3.

Table 3. Mechanical properties of copper specimens.

Quenching
Temperature, ◦C

Hardness,
HB

Tensile Strength,
MPa

Electrical Conductivity,
% IACS

800 111 358 97.8
850 112 361 97.3
900 112 362 97.0

The current collection material (shoe) was a sintered mixture of iron and copper powders.
The sintered material was permeated with Pb-Sn alloys. The composition and properties of the alloys
are provided in Tables 4 and 5 respectively.
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Table 4. Composition of the current collection material.

Elements Composition, % weight

Cu Pb Sn Fe
8.4 17.2 1.1 balance

Table 5. Properties of the current collection material.

Hardness, HB Electrical Resistivity, µΩ·m Density, g/cm3

160 0.28 7.3

Finally, behavior of the wear-resistant (TiAl)N coating on the cutting tool was studied.
A conventional method of physical vapor deposition was used to coat the tool. The coating
was also applied to the cutting tool by filtered arc deposition (FAD), which enabled finer coating grains
to be obtained. A detailed description of the technologies and properties of the coatings deposited
using the traditional equilibrium coating (PVD) method and FAD technology are given in [6,17].
The properties of the coatings are shown in Table 6. The milling speed was 240–450 m/min, cutting
depth—0.5 mm. Steel 1040 was used as the workpiece.

Table 6. Properties of (TiAl)N coatings.

Coating
Chemical

Composition,
% Atom

Grain Size, nm Coating
Thickness, µm

Microhardness,
GPa

Friction
Coefficient

(TiAl)N PVD Ti22Al22N56 50 3 33 0.986
(TiAl)N FAD Ti22Al22N56 25 3 32 0.857

3. Results and Discussion

Table 7 shows the mechanical and tribological properties of Babbit depending on the aging period.

Table 7. Mechanical and tribological properties of Babbit depending on the aging period.

Properties Aging Period

One Day One Month Six Months One Year

Hardness, HB 20.4 25.0 26.7 28.7
Tensile strength, MPa - 44.0 52.2 63.4

Friction coefficient - 0.01 0.036 0.08
Scoring load, MPa - 13.0 11.8 10.2
Wear rate, mg/40 h - 0.0011 0.0025 0.0047

Table 8 shows wear rates of copper rollers quenched at different temperatures following friction
with the current collector.

Table 8. Wear rates of copper rollers depending on quenching temperature.

Property Quenching Temperature, ◦C

800 850 900

Wear Rate, mg/h 38.1 32.6 25.9

Figure 2 demonstrates the dependence of coating wear on cutting length.
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Table 2 shows that the properties of copper specimens quenched at different temperatures
were similar. Moreover, Table 5 shows that coatings obtained by different technologies had the
same microhardness. Thus, the materials hda almost the same properties irrespective of the degree
of non-equilibrium.

As can be seen in Table 6, Babbitt hardness and tensile strength increased with aging time. As a
result, as the degree of nonequilibrium in the Babbitt grew, its hardness and tensile strength decreased.

Thus, the properties of the studied materials either did not change or improve as they approached
the equilibrium state.

Table 2 shows that as the copper specimens moved away from the equilibrium state (increasing
quenching temperature), electrical conductivity decreased. Consequently, thermal conductivity
decreased as well. This is because increasing the quenching temperature lead to a corresponding
increase in the content of vacancies. Point defects have the greatest effect on the electrical and thermal
conductivity of metallic materials [18].

From Table 6, it follows that as the coating layer moved away from the equilibrium state (with
the application of FAD technology), the grain size decreased and the number of crystal lattice defects
grew. Just as in the copper samples, the thermal conductivity of the material decreased with distance
from the equilibrium state. In addition, the friction coefficient diminished as the coating layer moved
further from the equilibrium state.

From Table 7 it follows that hardness and wear rate decreased along with distance from the
equilibrium state (reduction of the aging time), whereas tensile strength and scoring load become greater.
A supersaturated lead-based solid solution decomposed during the aging of Babbit. Magnesium,
sodium, and calcium were released from the solid solution as a result of aging. Calcium in particular,
formed an intermetallic compound CaPb3. Depletion of the solid solution lead to an increase in the
thermal conductivity of the alloy.

Tables 7 and 8 and Figure 2 show that for all materials, the wear rate decreased with distance from
the equilibrium state. From Figure 2 it follows that in a nonequilibrium coating (FAD), self-organization
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took place during friction at a point when wear rate showed a sharp decrease [13]. Following
self-organization, the wear rate of the nonequilibrium coating (FAD) became less than that of the
equilibrium coating (PVD). The opposite situation prevails prior to self-organization.

It was noted earlier that the production of entropy in non-equilibrium materials was greater than
the production of entropy in relatively equilibrium ones under friction. Therefore, the wear rate of
non-equilibrium materials must be greater than the wear rate of relatively equilibrium materials [11].
The wear rate of non-equilibrium materials may decrease due to self-organization. According to
(6), an increase in the number of energy flows within a rubbing body increases the probability of
self-organization. Consequently, relaxation processes increase the likelihood that self-organization
will initiate.

Self-organization can take place only after the system loses its thermodynamic stability.
Thermodynamic stability is determined by the sign of excess entropy production [14]. The entropy
production of a rubbing body under friction according to [19] is the following:

dsi
dt

= XhIh =
(kpv)2

λT2 (7)

where: Ih = −λgradT = kpv—heat flow; Xh =
−gradT

T2 —thermodynamic force, inducing
heat flow (k—friction coefficient, p—pressure, λ—heat conductivity coefficient, T—temperature,
v—sliding speed).

According to [20], the system can lose its thermodynamic stability if the excess entropy production
is negative: ∑

δXhδIh ≤ 0 (8)

The sum on the left-hand side of (8) is known as the excess entropy production. The values δXh
and δIh are the respective deviations of the thermodynamic forces and flows from the steady state.

Let’s presume that the degree of nonequilibrium in the friction material will affect its thermal
conductivity and friction coefficient. To do this, we introduce the value ψ, which characterizes the
deviation of the material from the equilibrium. In view of (7), the excess entropy production will be:

∑
δXhδIh = δ(kpv)δ

(
kpv
λT2

)
=

(pv)2

T2 (9)

The right side of (9) can become negative if the second factor is negative. The condition for it is
the following:

∂k
∂ψ

∂λ
∂ψ

> 0 (10)

Condition (9) can be met if both the friction coefficient and thermal conductivity simultaneously
increase or decrease when the friction material deviates from the equilibrium state.

As follows from the above data, a deviation from equilibrium leads to a simultaneous decrease
in the friction coefficient and in thermal conductivity in all three materials studied. Therefore,
non-equilibrium materials will have a lower wear rate compared to relatively equilibrium materials
that are subject to condition (10). The comparative decrease in the wear rate of non-equilibrium
materials is associated with the increased probability of self-organization when deviating from a state
of equilibrium.

4. Conclusions

This study investigated three different materials (a sliding electrical contact (copper), a journal
bearing (Babbitt) and a cutting tool coated with TiAlN) in nonequilibrium states of three different
tribosystems. Results demonstrate that the wear rate of non-equilibrium materials was less than that



Lubricants 2019, 7, 53 8 of 8

of equilibrium materials. The decrease in wear rate was associated with the greater likelihood of
self-organization during friction in non-equilibrium materials.
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