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Abstract: We describe the external and internal hydrogen interaction on contacting surfaces in the
“cylinder—piston rings” friction coupling. Under the influence of high temperatures and pressure, the
oil in the combustion chamber at a temperature up to 1473 K decomposes and forms small amounts
of water. External hydrogen (Hy) is subsequently formed. Hydrogen removal from the piston rings
reduces the heterogeneity of the structure, residual stresses, and uneven physical and chemical
properties of the near-surface layers, which reduces the stress concentration and, as a consequence,
results in an improvement in the performance characteristics of the surface layers of the friction
couple “cylinder-piston rings” of the spark ignition engine.

Keywords: spark-ignition engine; cylinder—piston ring friction couple; external and internal hydro-
gen; hydrogen wear; wear resistance of materials; energy levels; hydrogen intercalation

1. Introduction, State of the Art, and Problem Formulation

When the friction coupled “cylinder—piston ring” moves, there is a cyclic change
in alternating loads at high temperatures up to 3000 K and specific loads—10-12 MPa
in the diesel engines and up to 5.5 MPa in the spark-ignition motors. These operating
conditions lead to the thermomechanical destruction of fuel and oil combustion products
by forming free (external) hydrogen and its subsequent adsorption by the rubbing surfaces.
The periodic occurrence of alternating stress waves (tension-compression) enhances the
saturation of near-surface metal volumes by hydrogen during friction and cavitation [1-7],
and these phenomena using experimental equipment [1,2].

The obtained results show that the piston rings of D-50, D-240, ZMZ-24, CC-10UD,
and other engines are mainly subjected to both technological and operational hydrogen
saturation, causing their embrittlement. This process contributes to intensive wear [2-10].
Authors [6-21] have analyzed the features of hydrogen wear of construction machine parts.
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The general laws of hydrogen wear are considered a specific type of surface crack initiation
and destruction. The ways of surface hydrogenation are established, the mechanism
of hydrogen wear of machine parts and equipment is discussed, and the methods of
protection against tribohydrogen saturation are formulated [10]. On the other hand, the
interaction of hydrogen with metals and non-metallic elements [19-23] and its influence
on various properties of metals, alloys, hydrogen-induced specific defects, and hydrogen
embrittlement, as well as the effect of hydrogen on the mechanical characteristics in the
“hydrogen—metal” couple, are assessed [1,2,10].

During the cavitation and wear of the sub-roughness of friction surfaces in a hydrogen-
containing environment [1,9], hydrogen is pumped into the subsurface layer of the metal
and interacts with its crystal lattice. It is noted that the driving forces in the processes
of hydrogen wear are temperature, pressure, deformation, structure, and crystal lattice
defects. The physical and mechanical processes on the friction surface of the hydrogen
wear of machine and equipment parts are investigated, and the reasons for the release
of hydrogen-hydrogen absorption by rubbing surfaces and their destruction have been
established [6-10].

A complex picture of hydrogen behavior in surface layers during friction under the
influence of various factors is shown, and the impact of “biographical” hydrogen on the
wear of parts is determined. Practical recommendations are relevant for suppressing
hydrogen wear and increasing the durability and reliability of friction units of machines
and equipment. In this case, the following are not considered: the effect of external
hydrogen on the surface layer of the metal friction element and its entry into the subsurface
layer by “pumping”; the phenomenon of adhesion and the types of contacts of friction
couples; and the combination of adsorption, diffusion phenomena observed in the surface,
and subsurface layers of friction couples. Most importantly, there was no approach to
external and internal hydrogen and its role in tribological reactions.

This paper addresses the following issues concerning the problem being solved: the
interaction of external and internal hydrogen in a “cylinder—piston rings” friction couple,
and the hydrogen wear of the piston rings of engine cylinders and ways to reduce it. This
work aims to establish the relationship between technological (internal) and operational
(external) hydrogen in piston engine cylinder wear.

2. Interaction of External and Internal Hydrogen in “Cylinder-Piston Ring”
Friction Couple

Spark ignition engines are the most common heat engines in the world today. The
central working unit of such engines is a piston, along the height of which compression
and oil-retaining rings are set in the grooves. During engine operation, uneven wear of the
piston rings occurs due to the different work of friction, specific loads, and energy loading
caused by exposure to hot exhaust gases. Hydrogen in the fuel and lubricant contributes to
the piston rings” wear due to atomic hydrogen [1-6,16].

Hydrogen wear of the rings can occur in several different pathways. One of them is
the interaction of the rings with internal and external hydrogen. During electrothermome-
chanical [12-15] friction, external hydrogen is released from the fuel and lubricant. Then,
through a recombination reaction, molecular hydrogen transforms into atomic hydrogen
as Hp <+ 2H. Under the concentration gradients, surface and volumetric temperature, and
pressure, hydrogen diffuses to the zone of its lowest concentration, highest temperature,
and lowest pressure. In this case, its diffusivity depends on the metal structure, the pres-
ence of alloying elements, and the defectiveness of the crystal lattice. In addition, friction
creates an electromagnetic field, which drifts external charged hydrogen into microcracks.

External hydrogen from the fuel and lubricant during friction is also accompanied by
nitrogen and oxygen desorbed from the metal. The latter interacts with the metal surface,
where a temperature gradient exists. Those gradients between the external and internal
hydrogen, vacancies, and other defects in the crystal lattice lead to the formation of zones
in which the external hydrogen is introduced. Thus, the external hydrogen “pushes” the
internal hydrogen, and desorption plays a vital role in the hydrogen wear process.
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During electrothermomechanical friction [12-14], the micro-roughness of the rings
undergoes plastic and elastic deformation. The latter, slightly changing the unit cell volume,
facilitates the penetration of external hydrogen into the crystal lattice, creating interstitial
or substitutional solid solutions. In turn, plastic deformation contributes to creating new
crystal lattice defects deep inside the bulk metal. The atomic external interstitial hydrogen,
moving along the crystal lattice, finds nano- and micropores, wherein it collects mollies
and creates an excess pressure gradient, which contributes to the destruction of the metal.

It promotes the penetration of external hydrogen into alloyed cast iron by its thermal
expansion. As a result of exposure to high temperatures within small limits, the piston
rings change their diameter due to an increase in the intermolecular distance of atoms in
the crystal lattice. This leads to the fact that the outer atomic hydrogen, which has the
smallest size of all known chemical elements, encounters fewer obstacles on the way from
the surface to the depths of the rings.

As an indicator of the degree of external hydrogen diffusion into the crystal lattice of
a solid, one can use a criterion based on the Knudsen number k, x, K, = %, where A is the
average free path of molecules in a gas, and L is the characteristic size of the section.

The mean free path of a molecule is the length that a molecule travels from one
collision to the next. In our case, the mean free path of a molecule is understood as the
length that a molecule travels before colliding with an imaginary wall formed by two
neighboring molecules. Therefore, the mean free path of a molecule is

1
v 20,
where ¢ is the gas-kinetic effective cross-section of the molecule, and 7 is the concentration
of molecules.

The gas-kinetic effective cross-section of a molecule in the case of scattering with
allowance for temperature and pressure gradients is

- 5Py
7= (1 + gradTgmdP) @

)\:

M

where 0y is the depth of the potential well; Py is the pressure of the counterbody per unit
area of the body, MPa; S is Sutherland’s constant (Sy, = 72); and K, gradT, and gradP are
the gradients of temperature and pressure on the body surface.

The characteristic cross-sectional size L for bodies can be determined from the pa-
rameters of the crystal lattice, taking into account the fact that the piston rings are made
of high-strength nodular cast iron (Figure 1) with inclusions of graphite (which belong
together with molybdenum disulfides and diselenides, and gallium and indium monose-
lenides) to the family of 2D layered materials with their unique properties [24-32]. On the
lattice scale, the distance between graphite layers intercalated by hydrogen (up to 75 ppm
and possibly by short-length hydrocarbons) [33] is equal to 0.335 nm, can be taken as the
characteristic size of the section, and is the ideal gap (due to low van der Waals interac-
tion between the layers) for the hydrogen intercalation process and the formation of the
hydrogen nanocontainer [16]. In the hydrogen-containing (up to 12 ppm) and hydrogen-
accumulated (in a nanocontainer) (up to 600 ppm) lubricant-cooling (liquid, solid, gaseous)
environment application, hydrogen enters the near crack initiation contact zone before
fracture. It takes part in changing structural material fracture mechanisms. Behind the
unique mechanical properties, layered materials also demonstrate excellent electronic
characteristics. Van der Waals heterostructures of graphene/InSe/graphene electrodes,
spaced by an InSe nanolayer of c.a. 20-30 nm thickness, manifest high photosensitivity at
room temperature. In combination with transparent conductive graphene, these structures
can be used for 2D electronics and optoelectronics. Record figures of merit for the layered
materials have been observed in carriers” mobility, optical sensitivity, catalytic hydrogen
generation, and reversible hydrogen storage [24-29]. It has been established that ultrathin
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InSe layered materials possess several unique properties that qualitatively distinguish them
from other graphene-like two-dimensional crystals. Namely, the possibility of reversible
intercalation, i.e., in-situ band tuning, is a valuable tool for hydrogen evolution reactions
and hydrogen storage.

Figure 1. Typical structure of nodular cast iron.

The concentration of external hydrogen molecules in the friction zone is mainly driven
by a dissociation process of hydrocarbon fuel and lubricant.

It is known that during the operation of piston rings, intense hydrogen wear occurs,
and the concentration of hydrogen molecules released from the fuel and lubricant ex-
ceeds the concentration of hydrogen molecules inside the piston rings, which leads to the
formation of a concentration gradient gradC.

Then, taking into account the above dependencies, we estimate:

K _1 20y-gradC 1—|—S.i o 3)
L gradT-gradP '

The alloying elements may also react by forming a chemical compound with internal
hydrogen. Thus, with a decrease in the concentration of biographical hydrogen in the metal,
a hydrogen wear reduction occurs despite the supply of external hydrogen quantities
from the fuel mixture and lubricant. The direction and rate of hydrogen diffusion are
determined by the temperature in the friction zone, which reaches its highest values at a
certain depth from the surface; elastic and plastic deformations in the friction zone, which,
as a consequence, causes the dislocations to climb; and vacancies and collectors, where
external hydrogen creates high pressure, thereby accelerating the destruction of the metal.
In this case, the effect of the material structure is limited by the size of each phase’s crystal
lattice, which affects the diffusion rate accordingly. The source of hydrogen is hydrogen
batteries based on intermethalides and composite materials, which provide a sufficient
amount of hydrogen for long-term use during treatment of difficult-machined materials,
which possess high fracture toughness, durability, and other unique properties: Mg,NiH,,
MgH,, TiHy, and Ti;Ni(Hy) for high-speed steels and Ti,NiHy, TipNiHy, (Ti-Mg)-H, and
TiFe for hard alloys [19]. These types of materials include hydrogen intercalated layered
alloys [19] (Figure 2). During gas saturation, the crystal absorbs up to 400 ppm hydrogen,
the main part of which spatially is distributed inside the van der Waals gap, forming a
hydrogen-containing “nanobelt” with a thickness of several nm. Then, after six months of
exposure at ambient conditions, the hydrogen concentration is c.a. 0.012 m.% (hydrogen
mainly leaves the “embodiment” position directly in the matrix layer, and the crystal
desorbs the diffusion active moving hydrogen). By electrolytic deposition, the hydrogen
concentration can surpass the 600 ppm level immediately after saturation; however, it
localizes in the van der Waals gap within the surface area, whereas during saturation from
the gas phase, it is distributed throughout the entire volume (Figure 2).
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Figure 2. A typical unit cell of layered graphite-like materials (gallium (indium) monoselenides)
before (a) and after hydrogen penetration into the crystal layer (proton—se) and in the interlayer
(molecules—ee) spaces (hydrogen nanocontainer) (b).

The absorption of hydrogen by layered crystals is more intense than that of oxygen. It
is manifested in the abnormal displacement of the exciton absorption band in the layered
InSe and GaSe crystals with an increasing degree of hydrogen intercalation. In the interlayer
space of the crystal, hydrogen is in the molecular state (H;), occupying translationally
ordered places (pores).

As its concentration increases (x > 2), H, molecules dissociate and enter the matrix
layers of the crystal in the form of ions [26,28,29]. Proton saturation describes the following
reaction [30]:

Ga(In)Se + x H* + x e~ = HyGa(In)Se 4)

With the change in hydrogen concentration (in the x = 0 < 2.5 range), the interlayer
cell parameter ¢ increases nonlinearly according to c(x) ~ th(x) dependence. For the GaSe
compound, the value of ¢ increases from 1.589 (when x = 0) to 1.594 nm (when x = 2.5), and
then a subsequent increase in the concentration of x alters this parameter only to 1.596 nm.
The hydrogen forms a “nanoband,” limited by the linear size of the crystallite and capable
of reversible absorbing-releasing hydrogen cycles. Under the mentioned conditions, the
absolute value of the change in the parameter c trends according to the thermal expansion
mechanisms from room temperature to 373 K [28,29,31]. During hydrogen intercalation,
the crystal lattice parameter a is also altered (from 0.375 to 0.377 nm).

For the InSe compound, due to hydrogen intercalation, the crystal lattice ¢ parameter
increases from 2.497 (when x = 0) to 2.504 nm (when x = 1.5), and with a further increase
in concentration, it increases only to 2.506 nm. Similar to the InSe, during hydrogen
intercalation, the parameter of the crystal lattice increases (from 0.3998 to 0.407 nm), which
indicates the partial entry of ionized hydrogen (by the mechanism of “embodiment”)
into the layers of the crystal (Figure 2). The increase in the lattice parameters of gallium
and indium monoselenides with increasing hydrogen concentration is accompanied by
a weakening of the forces of interatomic bonds and the appearance of micro stresses
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in the crystal lattice. The density of the studied crystals does not change significantly
(0 =5.04 g/cm? for HyGaSe and p = 5.61 g/cm? for HyInSe).

Two states of hydrogen in the HyGaSe compound are suggested [30]: “quasi-liquid,”
wherein it is localized in the van der Waals slit, and “bound,” wherein ionized hydrogen
penetrates the structure of layered packets, and during electrochemical incarnations in the
matrix layers phase transitions occur with the achievement of specific values of x. At the
initial stage, hydrogen molecules form a “quasi-liquid” film in the form of a nanoband in
the van der Waals slit, and the proton magnetic resonance (PMR) spectral monolith has a
small width.

The increase in x up to 5.16 is accompanied by the localization of hydrogen (intercalant)
in potential wells, located in the centers of the triangles of the selenium planes on both
sides of the van der Waals slit (“quasi-liquid” film becomes “more viscous”), which leads
to a spectrum expansion PMR, which, due to small splits, has a complex structure [31].
Deformation stresses associated with introducing a significant amount of intercalated
hydrogen cause more intense growth of elastic constants [34], which characterize the bond
between hydrogen atoms in the interlayer space compared to the corresponding values
directly in the matrix layer [29].

This fact is confirmed by the shift of the exciton maximum by 7 meV toward the region
of higher energies in the range of hydrogen concentrations 0-0.4 and the increase in the
bandgap (Eg) and the binding energy of the exciton (Eey). The parameter Eg changes due
to the competitive contribution of interlayer deformations and deformations within the
layer, which has different signs of deformation potential [29]. Nuclear magnetic resonance
(NMR) studies [28] combined with X-ray diffraction analysis indicate that at low values
of x <1, the main contributor to the NMR spectrum is a band associated with molecular
hydrogen in the interlayer space. Multiple cycles of intercalation—deintercalation do not
impair the essential characteristics, and deintercalation in them for values of x — 4 can
reach 90% of the amount of absorbed hydrogen.

Thus, hydrogen enters both the layered and interlayer spaces of the crystal (Figure 2).
If x < 2, it is mainly located in the interlayer space, which is accompanied by an increase
in the interlayer distance (and the crystal lattice parameter c). With a further increase in
concentration (up to 5), it partially enters the layer space, where ion—covalent solid bonds
act, leading to an increase in the crystal lattice parameter. Note that s-element ions can
be introduced into InSe and GaSe crystals by electrochemical intercalation, and p- and
d-elements are collected on the surface. During intercalation from aqueous solutions, the
value potential (@) is essential for reducing hydrogen ions.

For neutral solutions (pH7) ¢ = —0.41 V and if the cation of the salt solution is a metal
whose standard electrode potential is much more positive than —0.41 V, a metal (Ag, Cu,
Tl, Co) will be released at the cathode.

S-elements possess negative standard electrode potentials (for example, K, Ba, Ca,
Na). Their positive ions, which accumulate in the near-cathode space under the action of
an external electric field, have the opportunity to be embodied in the interlayer space of
gallium and indium monoselenide crystals graphite and molybdenum diselenides [28,29].
Layered nanostructures and systems [28,29] can also be used as promising materials that
accumulate hydrogen. Their efficiency depends on the reversible processes of “intercalation—
deintercalation”, i.e., the sorption-desorption properties of the van der Waals gap. For
comparison, we note that the sorption capacity of the carbon nanotubes or nanobands used
is due to the degree of filling () of the single-layer nanotube or nanoband with molecular
hydrogen [5,31]:

PH - 0.07
pr+pc 007+

H = Q)
where pH = 0.07 g/cm? is the density of hydrogen. At a diameter of D = 1.5 nm, the
maximum degree of hydrogen filling 7H ~3.3 wt.%. The degree of filling #H = 6.5 wt.%
is achieved using nanotubes or nanobands larger than 3 nm in molecular containers for
hydrogen storage.
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A beam composed of single-layer nanotubes or nanobands can be considered a differ-
ent type of hydrogen-containing nanostructure. The mass density of the beam (Table 1),
consisting of similar nanostructures, depends on the maximum surface density of hydrogen
(2.56 —107? g/cm?) and the density of nanoformations. Filling the space between them
gives a tangible result.

Table 1. Mass capacity of hydrogen in a beam of nanotubes of different diameters [5,31].

Diameter, nm 0.5 1 1.5 2 2.5 3
N, % 34 44 5.4 6.5 7.6 8.6

When mastering molecular containers, using beams of single-walled nanostructures
with a cross-section of 1.2-1.5 nm with a distance between the surfaces of nanostructures
of about 1 nm, you can achieve a hydrogen content of up to 11-12 wt.%. Thus, the absolute
values of the tensile strength-layered materials oriented perpendicular to the c-axis (in
the direction of the van der Waals bonds) are smaller than those directed parallel to the
crystal layers. The introduced hydrogen (in an amount from 108 to 120 ppm) increases this
difference by up to 30%. It may form adsorbed atoms or adatoms during the adsorption
of external hydrogen on the surface of the piston rings (Figure 3). Considering the small
size of the hydrogen molecule, thermal expansion of the rings, gradients of concentration,
pressure, and deformation, the assumable number of formed adatoms is insignificant. In
addition, during friction, the existence of a temperature gradient along the normal surface
to the friction surface leads to the fact that external hydrogen will diffuse into the depth of
the metal. It follows from this that the formation of hydrogen adatoms on the hydrogen
wear of piston rings is small.

Surface of a solid —
body

\

Grain unit cell

Figure 3. Formation of hydrogen adatoms at the crystal lattice boundary.

The effect of nano roughness of the surfaces of the piston rings and cylinder wall in
reciprocating engines on hydrogen diffusion in the first approximation can be considered
from the point of view of the structure of the crystal lattice [14].

Thus, it can be assumed that the main factors affecting the rate of hydrogen wear are
temperature, pressure, deformations, structure, and crystal lattice defects (Figure 3). The
general equation of the diffusion of hydrogen can be written as:

dq aC G oT



Energies 2021, 14, 4801

8 of 13

where Dy, D¢, and Dr are the coefficients of concentration, deformation, and tempera-

ture, respectively.

Based on this, it is possible to offer a generalization in Table 2.

Table 2. Stages of hydrogen wear of the friction pair “ring—cylinder mirror” working surfaces during electrothermomechan-

ical friction.

Processes, Phenomena, and Effects Arising from the Action

Stages
Alternating Loading in Friction Couple Result
Tribochemical reactions are intensified: When the rings
1 Intensive release of hydrogen in the friction zone from slide against the cylinder, an electromagnetic field is
decomposed lubricant. created, which captures atomic hydrogen, directing it
into microcracks.
2 Desorption of water from the cylinder surface. The temperature of the friction surface rises.
3 Hydrogen adsorption by the Yvorkmg sgrface of the cylinder Intensive diffusion of external hydrogen.
and piston ring materials.
Diffusion of atomic hydrogen into the crystal lattice of the =~ Combination of external hydrogen with carbon (C), which
4 piston rings and the surface layers of the cylinder; their is present in the crystal lattice of the metal (Fe3C);
intensity is determined by the gradients of the surface and temperature gradients and mechanical-temperature
volumetric temperatures and equivalent stresses. stresses increase.
5 The hydrogen concer}trahon in the subsurface layer with An increase in temperature gradients in the subsurface layer.
maximum temperature.
. The periodic occurrence of a traveling stress wave
A. Low-temperature brittle fracture of the surface layer of - - - -
Lo . (tension—compression) enhances the saturation, with the
metallic friction elements saturated with hydrogen as a L
. . hydrogen of the parts deformed by the friction of the
result of the formation of a large number of microcracks on .
. near-surface volumes of the metal; equivalent stresses
6 the cylinder surface.

increase, hydrogen mobilization occurs.

B. High-temperature viscous destruction of the rubbing
layer of the rings in the form of spreading it on the surface
of the cylinder mirror as a result of metal flow.

At temperatures of about 1073-1273 K, the metal surfaces
of the rings are oversaturated with hydrogen.

3. Hydrogen Wear of Piston Rings of Engine Cylinders and Ways to Reduce It

Numerous studies [1-5,14-18,35,36] of hydrogen wear of the cylinder-piston group of
internal combustion engines have shown the dominant role of both technological (internal)
and operational (external hydrogen) in the wear of piston rings. The determination of
the content of hydrogen in the parts was carried out by vacuum extraction. When the
friction couple “cylinder—piston ring” operates, there is a cyclic change in loads at high
temperatures and specific loads (3000 K, 10-12 MPa in compression—ignition engines,
5.5 MPa in spark-ignition engines). Such operating conditions lead to thermomechanical
destruction of the working medium with the formation of free (external) hydrogen and
its subsequent adsorption by the rubbing surfaces of the cylinders and piston rings. A
traveling stress wave (tension—compression) periodic occurrence enhances the hydrogen
saturation of near-surface metal volumes during friction. It is believed that less hydrogen
increasing the wear life of the rings are the material fracture mechanics parameters. We
take into account the material’s wear resistance. If the rings are made of different materials,
then it is necessary to determine the electrothermal layer arising on the working surface
and take into account their mechano-physical properties.

The studies carried out have shown that the piston rings of D-50, D-240, ZMZ-24,
CC-10UD, etc. engines are primarily susceptible to both technological and operational
hydrogen saturation. Tables 3 and 4, and Figures 2 and 3 show the content of diffusion-
active hydrogen in the piston rings [5].



Energies 2021, 14, 4801

90f13

Table 3. The hydrogen concentration in piston rings.

Engine and Coating Type

PD-10UD D-50 D-240 ZMZ-24
Ring Position
Chromium
Molybdenum
Porous Hard
Hydrogen Concentration Cy, ppm
Top
38.1 16.0 8.46 18.5
5% = 14.3 %1 = 6.83 o2 =4.33 =22 = 3.61
Bottom, tin-coated 267 234 195 >12
Table 4. The hydrogen concentration in piston rings depending on their position.
No Manufacturer Ring CH, ppm Coating
1 “Riken” Top 524 _ 57 Hard chromium
(Japan) Bottom 143 7 Phosphating
) “Nippon” Top 857 _ 40 Hard chromium
(Japan) Bottom 214 Ferrox
3 “Teikoku” Top 11 _ 556 Phosphating
(Japan) Bottom 5T — Porous chromium
4 “Getz” Top 138 _ 54 Phosphating
(Germany) Bottom 50 — Porous chromium

Data analysis of Tables 3 and 4 shows the following when using different materials for
rings located at different positions on the piston:

- The maximum ratio of the concentration of internal hydrogen is achieved for the
porous chromium ring material and the minimum for the molybdenum material, and
the bottom ring was tinned;

- Theratio of the concentration of internal hydrogen for rings made of porous chromium
used in various engines is questionable.

As for Table 3, the following can be deducted:

- The maximum ratio of the concentration of internal hydrogen is achieved for the
materials of rings with different coatings for the Nippon manufacturer rings, and the
minimum for the Teikoku rings;

- A significant decrease in the concentration of hydrogen is achieved due to various
types of coatings of piston rings, compared to rings without coatings;

- Incomparison to the maximum hydrogen absorption (different for different structural
materials), in the case of low hydrogen absorption, the wear resistance of the rings
increases by 20-25%.

The piston rings of the Raba-Mann engine during operation (Ikarus, Budapest and
Székesfehérvar, Hungary) are characterized by the concentration of diffusion-active exter-
nal hydrogen increases by almost 9.4 times (from 1.46 to 13.66 ppm). It has been established
that various technological operations on the surface of the rings have a different effect on
the processes of hydrogen absorption.

To protect metals from the effects of hydrogen at elevated temperatures and pressures,
the following recommendations are elaborated: the introduction of strong carbide-forming
elements (chromium, molybdenum, vanadium, niobium, titanium) into steel to stabilize
the carbide component and prevent the steel from decarburization, and cladding or lining
the steel with metals with a lower hydrogen permeability (for example, copper, silver,
aluminum, steel 0.08C13Cr or 0.12C18Cr10NiTj, etc.) [3]. The existing steel can be recom-
mended to have a particular structure. Soft coatings on the rings will not last long. They
need to be reinforced with nanomaterials. It is known that the presence of alloying elements
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in the structure of cast iron and steel, such as manganese, chromium, tin, molybdenum, and
some others, reduce hydrogen permeability and, consequently, hydrogen wear [3,37,38].

It has been established that the transfer of heat during electrothermomechanical
friction during its accumulation on the surface layer of the metal friction element occurs
along the normal surface from places with a higher temperature to areas with a lower
temperature. In this case, a surface temperature gradient arises. The most significant
deep temperature drop occurs in the direction of the normal surface to the area of the
contact spot of the micro-protrusion (Figure 4 shows the interaction of two surfaces and the
direction of the unit vectors coinciding with the direction of the normal surface to the unit
contact area). In general, the specific direction of the normal surface n to the contact does
not coincide with the unit vectors. Propagating deep into the material, the temperature
field leads to a change in its mechanical properties in a thin surface layer. The magnitude
of the heat flux depends on friction and the size of the area on which it accumulates.

Figure 4. The contact of two rough surfaces.

Let us consider the unsteady temperature problem of friction. Imagine a metal bar of

a rectangular cross-section pressed by the specific load p against the surface of a rotating
disk (Figure 5).

P‘ A 4

Deformation  § Y \\ » ﬁ
7 \ [

:

T3 — t
—— - i
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4 7 7 / 7 7 gl’
Contact 74 A
i
L t

Figure 5. The change in temperature t along the normal surface z to the friction surface (in the
deformed surface layer) of metallic friction element: layer (f); initial (tg); increments (Af); environment
(tp); shear stresses (T); surface layer (5); sliding speed (v); and z—the origin of the coordinate axis is
located on the middle surface of the layer.

In this case, it is assumed that the disc material has higher strength, and plastic defor-
mations occur in the surface layer of the rod, which are the same in thickness. Therefore,
the temperatures of the planes bounding the surface layer are equal to each other. If there
is no polymorphism (no changes in the type of crystal lattice) face-centered cubic (FCC),
body-centered cubic (BCC), and hexagonally close-packed (HCP) crystal structures are
possible depending on specific loads and surface-bulk temperature—the latter impact the
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subsurface and subsurface layer of the metallic friction element. If we consider the model
of solid layers, then in the first case, the layers remain close-packed (CP), but move away
from each other. In the second, the atoms of neighboring layers touch each other, but a gap
appears between the atoms in the layer itself, and therefore all actual HCP structures are
not genuinely closed-packed.

In reality, however, the difference in c¢/a (where c and a are the height and width
of the cube ribs, respectively) is variable ¢/a <1.633 (1.633 is the ideal value), meaning
that the atoms in HCP metals are not spherical, but ellipsoids (compressed balls with the
ratio in planes of 1.633 < ¢y /ay > 1.633). Thus, under the action of impulse-specific loads
in friction pairs of “metal-metal in piston rings,” the atoms in the layers, as well as the
layers themselves, are compacted, which contributes to the accumulation of energy in
them due to the high electrothermal resistance, and as a consequence, an increase in the
surface-bulk temperature.

For example, silicon is one of the elements that effectively reduces hydrogen perme-
ability. Silicon has forms carbides. Consequently, if silicon molecules are introduced into
the crystal lattice structure, it is possible to obtain carbides at a certain depth from the metal
surface. However, in this case, several shortcomings arise, namely, splitting powdered
silicon into molecules, an increase in the parameters of the crystal lattice of cast iron or steel
to the point-wise direction of silicon molecules into it, and occupation by silicon molecules
of vacancies in the crystal lattice, and as a consequence, carbidization of the subsurface
structure of the metal.

Thus, it is necessary to form a barrier for external hydrogen from friction couples at
the nano and micro levels to increase their wear resistance. The cost-effectiveness of the
presented approach can be benefited within a few months of the operational timeframe.
The service life may be extended significantly by removing hydrogen from the piston rings,
i.e., reducing the heterogeneity of the structure, residual stresses, and uneven physico-
chemical properties of the subsurface layers, which reduces the stress concentration and,
consequently, improves the functional properties of the friction pair surface of “cylinder—
piston rings” in the diesel engine. This leads to savings while increasing the durability of
the materials used in connection with the time between repairs.

4. Conclusions

The relationship between external and internal (biographical) hydrogen in “cylinder—
piston ring” friction couples in spark ignition engines has been established. The hydrogen
wear of the piston rings is estimated, and strategies for its reduction are elucidated. Under
the influence of high temperatures and pressure, the oil in the combustion chamber at a
temperature up to 1473 K decomposes and forms small amounts of water, from which
external hydrogen (Hj) is subsequently formed.

During friction, the existence of a temperature gradient along the normal surface to
the friction surface leads to the fact that external hydrogen will diffuse into the depth of
the metal. It has been described that the external and internal hydrogen interaction in the
“cylinder—piston rings” friction couple performs unequal work of friction with a minority
of surfaces mutually overlapping.

Layered nanostructures and systems (graphite inclusions in nodular cast iron) can be
considered materials that effectively accumulate hydrogen. Their efficiency depends on the
reversible processes of intercalation—deintercalation, i.e., the sorption—-desorption properties
of the van der Waals gap. Hydrogen removal from piston rings reduces the heterogeneity
of the structure, residual stresses, and uneven physical and chemical properties of the
near-surface layers, which reduces the stress concentration and, as a consequence, leads
to an improvement in the performance characteristics of the surface layers of the friction
couple “cylinder—piston rings” in spark ignition engines.
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