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NON-EQUILIBRIUM THERMODYNAMICS WITH THERMAL AND
FLUCTUATIONS OF THE VALUES OF STABILITY OF MATERIALS
OF PARAMETERS OF FRICTION PAIRS OF BRAKE

Theoretical and experimental studies of the thermal stability of materials and
fluctuations in the friction pair parameters of lifting and transport equipment brakes
have revealed the following. The working layers of the lining and the metal friction
element are located at different charge poles, but their roles are different: the former
act as charge accumulators and undergo profound tribokinetic changes, while the
latter act as entropic energy accumulators, i.e., as a battery. Stressful conditions for
entropic energy flows include steady-state and thermal stabilization temperatures, as
well as the destruction of the surface layers of friction lining materials. Entropy
changes related to fluctuations in the friction pair parameters of operating brake
devices. Based on the calculated dependence obtained, 3D graphical patterns were
constructed to determine the linear wear of the lining for the values of the impulse
normal forces, friction path, lining working area, and the hardness of its materials.
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Introduction. A significant drawback of small and large friction units in brake
systems is their high energy load, which causes a catastrophic change in the dynamic
friction coefficient and, consequently, a drop in braking torque. This circumstance
impacts the operational safety of lifting and transport equipment. One way to reduce the
energy load on large friction pairs is by using forced nanofluid cooling. The stability of
the brake friction pair operating parameters is affected by the thermal stability of the
materials and the fluctuations in the brake friction pair parameters.

Analysis of literary sources and the state of the problem. In the work [1]
attention is paid to the selection and comprehensive study of the tribological efficiency
of clutches of samples and parts of automobiles during friction and wear, made of
composite alloys based on copper and lead. The work [2] is devoted to the mechanisms
of internal and external friction of mating parts of machines and their influence on wear
processes, as well as the development on this basis of methods for strengthening the
working surfaces of parts and the implementation of self-organization processes and
states. Based on the results of research by domestic and foreign scientists, the work [3]
presents the patterns of wear capacity of the surface layers of materials of friction pairs.
And in works [4] and [5] the stress-strain state in the mating parts of machines is
considered. In works [6] and [7] the physical-mechanical and physical-technical
processes that occur in materials during the operation of machine parts in various
working environments are considered. The work [8] is devoted to a set of measures for
increasing the tribological reliability of heavily loaded automotive tribo-clutches.
However, no study has established a relationship between thermal stability and
fluctuations in parameter values with the entropy of friction pairs in brake assemblies.
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The aim of this study is to demonstrate the influence of thermal stability of
materials and fluctuations in the operating parameters of friction pairs in brake
assemblies.

Thermal stability of surface layers of materials of metal friction elements.
During the electrothermomechanical frictional interaction of friction pairs in brake
assemblies, heat accumulation Q1 and heat release Q into the environment occur, which
depend on the thermal conductivity coefficient of the metal element ; and the external
ambient temperature te.

The ratio of Q1 to the surface temperature ts is the entropy of the friction coupling.
Stress conditions for entropy include steady-state and thermal stabilization
temperatures, as well as the destruction of the surface layers of friction lining materials.

The change in entropy consists of two components:

dH =dH: + dH>, Q)

where dH; is the entropy energy exchange with the environment; dH; is the entropy
energy generated in the friction pairs and accumulated in the metal friction elements.
The change in entropy energy depends on the braking time of the lifting and transport
equipment. According to the second law of thermodynamics, entropy energy is never
negative.

dH>0 2

The entropy energy can be quasi-equal to zero only if the tribocoupling enters the
zone of steady-state surface temperature or the thermal stabilization state of metal
friction elements.
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Fig. 1. Change in entropy 4S associated with fluctuations in the values of the parameters of
the operating friction pairs of the friction pairs of the braking devices.

Entropy S is represented as a function of the thermodynamic variable X. The initial
equilibrium state is denoted by E, when the amount of heat generated in the friction pair
interface is equal to the amount of heat released into the environment. A steady-state
temperature is reached at the interface for a short period of time. A fluctuation that
results in a decrease in entropy moves the tribosystem to point F. The entropy change
AS associated with the fluctuation is calculated from the entropy production 4;S during
the relaxation of the system back to the steady state. In the case of the classical
formalism, in which d;S is not used, the entropy change is calculated by identifying an
equilibrium state E’ with the same entropy as state F and then reversibly moving along
the equilibrium trajectory E'E.

Research has shown that the generated entropy energy currents in friction pairs of
small and large brake devices significantly affect the linear wear of the friction lining.
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The linear wear of the working surface of the friction lining in a friction pair was
determined by a dependence of the type:
KyStN
Ih=—0F—F @)
HBy A
where Ky is the proportionality coefficient, Ky = 0.232; St is the friction path; N is the
impulse normal force; HB; is the hardness of the lining material;
A is the working surface area of the friction lining.
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Fig. 2. Dependence of the linear wear (In) of the friction lining working surface with an
area of its working surface A = 0.07 m? on the friction path (Sr) and the impulse normal forces
(N) in the brake friction pair for different values of lining material hardness:a — HB, = 50 MPa;

b HB; = 1000 MPa; c HB; = 150 MPa;
d — HB; = 200 MPa

In[9 - 12], the thermal stabilization state of a metal friction element (pulley or drum
rim) was investigated based on the conditions of its occurrence and prevention. In this
case, the metastable state of the surface of friction linings, located at a temperature
higher than the permissible value for their materials, as well as the thermal interaction
of the metal friction element with a reinforcing projection or flange, were considered.
In this case, the condition of thermal equilibrium was not taken into account, which, as
is known, requires, along with constancy of temperature, also the constancy of the sum
u + U along the medium, where x is the chemical potential of the particles, and U is
their energy in an external electric field. In this case, we are talking about equilibrium
with respect to electrons, so that p must be understood as their chemical potential, and
U = - ep, where ¢ is the potential of the electric field. Accordingly, the electric current
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j» and the dissipative energy flow g turn simultaneously into zero only under the
conditions J1 = const, u - ep = const, that is, when V.9 =0, Vu+eE =0.

The expression for j; and ¢’ is written in the form of the following relations that
satisfy the specified condition

E+1V,u=l h+aV,
e o (4)

Q'=q—((ﬂ—§jh=a9]1—lvl91, (5)

where ¢ is the electrical conductivity of the medium; y is the thermal conductivity; a is
the thermoelectric coefficient; the relationship between the coefficients in (4) and j; and
(5) is a consequence of Onsager's principle [9-10]. The quantity (¢ - u/€) ji, minus the
total energy flux, represents the convective energy flux density. The latter must be taken
into account when assessing the thermal stabilization state of a metal friction element
in braking devices.

The phenomenon of fluctuations in the mating surfaces of brake friction pairs.
When electrons and ions are exchanged between the working surfaces of metal-polymer
friction pairs in brake assemblies, their quantity (per unit volume) deviates from the
average value, causing fluctuations in the properties of the tribosystem. Due to the
chaotic motion of particles, this variability in the number of molecules in equal parts of
the total volume of the tribosystem is constantly changing. Therefore, all static
quantities, such as density, the concentration of liquid islands formed on the lining
surface after the resinous binders burn out, pulsed specific loads, above-permissible
surface-volume temperatures, etc., are subject to spontaneous, random deviations from
a certain average value, which is typically used. These deviations are called fluctuations
and explain such variable operating parameters of brake assemblies: friction force,
pulsed normal force, surface-volume temperature, dynamic friction coefficient, etc.
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Fig. 3. Patterns of change in surface-volume temperatures of metal-polymer friction pairs
depending on the number of braking operations on a mountain route of a LAZ family bus under
a fluctuation phenomenon

The practical significance of fluctuations is extremely significant. They determine
the gradual nature of changes. Without them, processes such as the crystallization of the
surface working layers of metal friction elements and their attainment of isothermal
stabilization, among many others, would proceed completely differently.
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Naturally, the value of fluctuations is especially large for tribosystems of negligible
size with thermoelectric generators and thermoelectric refrigerators formed in them
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Fig. 4. Patterns of change in the static (3) and fluctuating (2) dynamic coefficient of friction
and its harmonic expression (1)

Let's analyze the patterns of change in the surface-volume temperature (Fig. 3) and
the dynamic and static friction coefficients (Fig. 4) of metal-polymer friction pairs due
to frictional interaction and fluctuation phenomena:

- as the friction lining materials approach their permissible temperature, the
physicochemical transformations that affect their surface layers lead to an increase in
fluctuation phenomena;

- as the dynamic friction coefficient increases, fluctuations increase significantly
due to the sharp change in the pulsed normal forces due to the local nature of their
frictional interaction.

Fluctuations make it impossible to measure any quantity with a very high degree of
accuracy. Therefore, to detect and measure each of the current families during
electrothermomechanical friction in the interfaces of friction units, the current strength
must be greater than the fluctuation.

Brownian motion is a classic example of fluctuation formation, i.e., the emergence
of entropy-decreasing processes in equilibrium tribosystems. It arises because the sum
of momenta from the impacts of air molecules washing over the microprotrusions of
friction pairs on the surface of particles is not zero and at each moment chaotically
changes in both magnitude and sign, causing particles to move upwards, contrary to
gravity and in contradiction with the second law (in its non-static formulations, since
Brownian motion occurs in a medium where isothermal equilibrium has already been
established). Such contradictions between facts and theory disappear with a static
interpretation of the second law of thermodynamics.

Since the number of particles in real tribosystems is very large, both the fluctuations
themselves and the deviations they cause from the process's thermodynamically
consistent course will be negligible. Therefore, for ordinary systems, the most probable
direction of the process coincides with its actual direction. In other words, the event
takes on the character of inevitability. Consequently, the cause lies in the number of
particles in ordinary systems. Phenomena occurring at the interface between micro- and
macrosystems (highly dispersed systems) are largely reversible.

However, for systems consisting of only a few particles, thermodynamic concepts,
being static, lose their meaning. For example, one cannot speak of pulsed specific loads
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in a friction pair, or of the entropy of the surface and subsurface layers of a polymer
overlay of a single molecule. For such "systems,” the distinction between order and
disorder, and, consequently, between work and heat, disappears. For this reason, the law
of increasing entropy also loses its meaning. As the number of particles increases, i.e.,
the transition to ordinary systems, the "most probable” becomes "certain." In other
words, for microsystems, the statistical nature of the second law comes to the fore, while
for ordinary systems, it has a different formulation.

Discussion of results. Theoretical and experimental studies of the thermal stability
of materials and fluctuations in the friction pair parameters of lifting and transport
machine brakes have revealed the following.

- the working layers of the lining and the metal friction element are located at
different charge poles, but their roles are different: the former are charge accumulators
and undergo profound tribokinetic changes, while the latter are entropic energy
accumulators, i.e., an accumulator.

- stressful situations for entropic energy flows include steady-state and thermal
stabilization temperatures, as well as the destruction of the surface layers of friction
lining materials.

- entropy changes related to fluctuations in the parameter values of operating brake
friction pairs.

- based on the obtained calculated dependence, 3D graphical patterns were
constructed to determine the linear wear of the lining for the parameters of pulsed
normal forces, friction path, lining working area, and the hardness of its materials.

Conclusions. Thus, a relationship has been established between thermal stability
and parameter fluctuations with the entropy of brake friction pairs.
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O. 1. BOJIBYEHKO, H. M. ®I[IPOBCHKA, B. A. BACUJIUILINH, .O. 0. )KYPABJIFOB,
O. C. BYPABA, IO. B. BACHUJIAIIINH.

HEPIBHOBAJKHA TEPMOJUHAMIKA ITPU TEPMIUHIN I ®JTYKTYALIA
3HAUEHBb CTIMKOCTI MATEPIAJIIB IAPAMETPIB ITAP TEPTSI T'AJIbM

TeopernuHi Ta eKCHEPUMEHTANbHI JOCHIIKEHHS TEPMIYHOI CTIHKOCTI MarepialiB Ta
¢ykTyarii 3HaYeHb TapaMeTPiB Mmap TePTs rajbM IiAHOMHO-TPAHCIIOPTHUX MATIIHH TO03BOJIIITH
BCTaHOBUTH Take. Po0odi mapy HAKIIAAKH Ta METAIEBOTO (DPHUKIIIIHOTO €IeMEHTa 3HAXOAATHCS
Ha PI3HUX 3apsAAHUX TMOJIOCAX, ajlie IXHS pOJIb HEOAHAKOBA: TEPIIi € HAKOIMIYBaYaMHU 3apsIiB i
B HUX BiI0yBarOTHCS TIMOOKI TPUOOKIHETHYHI 3MiHH, a APYTi € HAKOMUYyBadaMU €HTPOITIHHO1
eHeprii, To0To akymymnsaTopoM. CTpECOBOIO CHTYamli€l0 U MOTOKIB €HTPOIIWHOI eHeprii €
TepMocTadini3amiiiHa TeMnepaTypy, IO BCTaHOBWJIACS 1 JECTPYKIis IOBEPXHEBHX LIAPIB
MarepianiB GpUKLIHHUX HakIaJoK. 3MiHA eHTpomii moao (IyKTyaliil 3HaueHb HMapaMeTpiB
eKCITyaTOBaHUX Iap TepTs TalbMiBHHX npucTpoiB. Ha migcrTaBi oTpumaHoi po3paxyHKOBOI
3aJIe)KHOCTI BU3HAUEHHS JIIHITHOTO 3HOCY HAKJIAJKW MPH 3HAUYCHHSAX MapaMeTpiB IMITyJIbCHUX
HOPMaJIbHUX 3YCHJIb, IIUISIXY TEPTs, poO0YO0I MUIONI HAKJIAIKU 1 TBEpPIOCTI ii MaTepiaiiB Oyin
noOyznoBaHi rpadiuHi 3akoHOMIpHOCTI y opmati 3D.

KiniouoBi ciioBa: HepiBHOBa)kHa TepMOJHMHAMIKa, TaJbMOBUH HPUCTPIi, mapu TepTs,
TEepMidHa CTIHKICTh, eHTPOMIs, (PIYKTyallis 3Ha4eHb ITapaMeTpiB.
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