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ABBREVIATIONS

AE - acoustic emission

CVD - chemical vapor deposition

ICEs - internal combustion engine

EAS - electric arc spraying

EIL - electric spark alloying

EIP - electric spark coating

EG - exhaust gases

GIS - current pulse generator

GTP - gas thermal spraying

HTO - chemical-thermal treatment
HVOF - high-speed fuel-oxygen spraying
(high-velocity oxygen-vapor spraying)
IA - ion nitriding

K - mass transfer coefficient

KCD efficiency coefficient

KM - composite material

KP - composite coating

CTE - coefficient of thermal expansion
KVM - material utilization coefficient
KZ - combustion chamber

LO - laser processing

MAO - microarc oxidation

MEP - interelectrode gap

MO - mechanical processing

MHF - high frequency current

MRSA - micro-X-ray spectral analysis
PM - powder metallurgy

PVD - physical vapor deposition

PS - antifriction alloy metals on an aluminum base
PZ - surface hardening

REM - rare earth metals

SPD - surface plastic deformation

SSS - stress-strain state

TSP - cylinder-piston group

XRF X-ray - diffraction analysis

ZZP - strengthening protective coatings
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INTRODUCTION

Increasing the durability, reliability and wear resistance of vehicle parts,
reducing their specific material consumption and energy consumption is achieved,
first of all, by using strengthening technologies.

The use of strengthening technologies aimed at changing the surface layer
allows you to prevent the process of nucleation of deformation defects, which
ensures increased wear resistance of contact surfaces. The level of strength of
contact surfaces is the dominant factor determining the wear resistance of vehicle
parts. There is extensive data showing that wear takes a leading place in the list of
dangerous damage to vehicle parts.

The process of external friction is influenced by a large number of factors:
the stress-strain state, mechanical and physicochemical properties of the contacting
bodies, the environment, and others.

One of the most rational ways that allows you to purposefully change the
stress-strain state in the surface layer of vehicle parts, the deformation-force
parameters, and the nature of the interaction of contact surfaces is the method of
electric spark alloying.

The method of electric spark alloying has a unique set of advantages: low
energy consumption, environmental safety, simplicity of technology (absence of a
special working environment and preliminary surface preparation), adhesion
strength to the base.

Electrospark treatment ensures the formation of a layer on the surface of a
part that has a structure and properties different from the initial state, depending on
the parameters of the spark discharge, the composition of the electrode material,
the material of the part being treated, and other factors.

A significant contribution to the establishment and development of the
scientific direction of modification of surface layers of metals by the method of
electrospark alloying was made by Ukrainian and foreign scientists B.R.
Lazarenko, N.I. Lazarenko, A.D. Verkhoturov, B.N. Zolotikh, A.E. Hytlevych,
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I.0. Podchernyaeva, B.A. Lyashenko, C. Barile, C. Casavola, Zhao, H.,
Feldshteina E.E., Mao Y., Xie Y.J., Wang M.C., Johnson R.N., Reynold J.L and
others.

A feature of electrospark coatings is their inherent discontinuity, which
provides increased wear resistance due to the discreteness of the coating structure,
which is responsible for reducing residual stresses. The presence in the surface
layer of areas of increased hardness, optimal continuity, geometry and depth of
penetration into the surface eliminates the concentration of stresses from contact
loads and interrupts the process of crack formation, plastic deformation, and also
reduces the tendency to seize parts, which is significant.

The main advantage of electrospark coatings is the ability to control and
minimize the stress-strain state of the surface, ensuring increased wear resistance,
by changing the continuity and size of areas on the surface of the base and
selecting materials based on their physical and mechanical characteristics.

Studying the features of the formation of a modified layer on the surfaces of
parts during electrospark alloying, establishing the relationship between the
parameters of the substructure and the stress-strain state of the modified layer with
its tribotechnical characteristics is a relevant task in terms of developing
technological recommendations for strengthening parts of vehicles in order to
increase the service life of components and assemblies.

Establishing the patterns of influence of microgeometric and physical and
mechanical properties of electrospark coatings on the tribotechnical characteristics
of vehicle parts requires the development of new methods for assessing their
quality.

An important direction in studying the quality of electrospark coatings is the
establishment of criteria that determine the range of their serviceable state. Due to
the nature of changes in such tribotechnical indicators as the friction coefficient,
temperature in the frictional contact zone, thickness of the lubricating layer, and
specific work of friction, it is not always possible to predict and predict them at the

stage of catastrophic wear.



The information-analytical methods for determining the range of workability
of a tribotechnical pair include the acoustic emission method, which is
characterized by high sensitivity to elastic-plastic deformations in frictional
contact.

Thus, controlling the structure formation and mechanical characteristics of
the surface layers of vehicle parts by forming wear-resistant electrospark coatings
will allow solving the scientific and technical problem of increasing their
tribotechnical and strength characteristics and expanding the load-speed range of
their serviceable state.

In each specific case, it is necessary to optimize the processing mode
(selection of discharge energy, processing time), as well as select a wear-resistant
electrode material. Therefore, the study of the strength and elasticity characteristics
of coatings formed by the electrospark alloying method is of important theoretical
and practical importance.

Since structural adaptability and changes in the tribological system during
operation can significantly change the initial parameters used in predicting the
resource of a friction unit, it is necessary to accumulate a large amount of
experimental material on the relationship between the initial hardness of materials
and their wear resistance. Coatings obtained by the method of electrospark alloying
differ in structure and properties from the starting materials. The reason for this is
the micrometallurgical processes that occur on the surface to be strengthened in the
spark discharge zone due to the physicochemical interaction of the transferred
material with the cathode material and environmental elements in the presence of
pulsed thermodynamic stresses.

Increasingly greater loads, more stringent operating conditions, and the use
of new materials, the properties of which have not always been studied in detail,
make friction units increasingly dangerous objects that require continuous
monitoring.

Many experimental studies have been conducted to study the relationship

between acoustic emission parameters and wear resistance of friction pairs. The
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main sources of generation of acoustic emission signals during friction include the
intensification of deformation processes, the nucleation and propagation of cracks
in the coating or at the coating-base interface, and structural and phase
transformations in the most loaded zones of the actual contact area of friction pairs.
These processes are accompanied by the accumulation of deformation energy.
When this indicator reaches a critical level, irreversible changes occur in the
frictional contact, leading to catastrophic wear of the tribocoupling elements.

Establishing the patterns of transition of electrospark coatings from normal
to catastrophic wear based on the analysis of acoustic emission signals is a relevant
direction in the prediction of their ultimate performance, which allows developing
recommendations for the use of modified surfaces in a certain load-speed regime.

The monograph summarizes the results of research in the field of surface
strengthening technologies for vehicle parts by the method of electrospark
alloying.

The application of electrospark coatings was performed on parts of internal
combustion engines - pistons, liners, sliding bearings. The production of parts of
vehicles with strengthening protective electrospark coatings will allow to provide
them to domestic enterprises, will relieve Ukraine of export dependence on critical

industries, and will provide a significant economic effect.
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CHAPTER 1
STRENGTHENING TECHNOLOGIES AND PROSPECTS OF THEIR USE
IN VEHICLE PARTS

1.1. Increasing the operational parameters of vehicle parts and

requirements for them

The operating conditions of vehicles are characterized by increased speeds
and specific loads, temperatures and deterioration of lubrication conditions [1].

Today, the main tasks of modern vehicles, and primarily engine engineering,
include reducing fuel consumption and reducing exhaust gas toxicity without
worsening other engine performance. Mechanical and thermodynamic costs, wear
and exhaust gas toxicity (EG) depend mainly on the tribological characteristics of
the cylinder-piston group. Existing trends in the development of compact engines
with high specific power and increased thermomechanical loads lead to increased
requirements for tribological systems [2]. These circumstances require new
solutions.

When testing gasoline automobile engines according to the new European
NEDC cycle (New European Driving Cycle), about 20% of the fuel is spent on
overcoming friction. The most realistic direction of reducing friction by thermal
methods of improving the tribological characteristics of the cylinder-piston group
and crankshaft bearings has been outlined [3].

Thermal methods involve maintaining optimal temperatures in the contact
points of tribocompounds, taking into account the fact that friction decreases with
increasing temperature [3]. The most effective measure to reduce friction in
crankshaft bearings may be the transition from plain bearings to rolling bearings
[2].

With an increase in the number of engine revolutions and dynamic loads,
such a negative phenomenon in friction and wear as fretting increases significantly

[4-6]. In this case, material damage is associated with sliding conditions. Thermal
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stresses have a significant impact on the durability of engines. They arise as a
result of uneven temperature fields in structural elements during engine operation
with frequent starts and stops. The level of thermal stress can exceed operational
stresses. Under the influence of thermal stress, plastic compression deformations
occur on the surface of the part, which lead to a decrease in resource [7, 8].

The simultaneous action of such operational factors as mechanical loads,
aggressive working environments, high temperatures and sharp thermal changes
leads to non-additivity of the strengthening effect on the structural elements of
vehicle parts [9]. With the simultaneous influence of these factors, the service life
of parts can be reduced by an order of magnitude or more.

Vehicle parts are operated at high temperatures under conditions of joint
wear, fatigue and intermittent friction [10]. The critical role of the interaction of
corrosion and stress-strain state (SSS) in the initiation and development of cracks
has been revealed [11].

Thus, the main operational indicators of vehicle parts are tribotechnical
characteristics: wear resistance, friction coefficient, and galling resistance [12-14].
These characteristics are provided by a complex of physical and mechanical
properties: hardness, elastic modulus, viscosity, heat resistance, heat resistance,
low coefficient of thermal expansion (CTE), strength and yield strength, vibration
decrement, and corrosion resistance [12, 15-18].

The main requirements for power units of vehicles remain high performance,
increased fuel efficiency, and reduced harmful emissions into the environment.
Along with these requirements, the high-technological nature of engine production
is crucial, which is determined by the optimal choice of structural materials and
their processing technology.

Composite materials for antifriction purposes are used as alternative ones in
friction units of internal combustion engines of automobiles, in the production of
pistons, cylinders, and bearings [19-21] (Fig. 1.1).

The state of the theories of friction and wear, theories of strength and

durability do not guarantee a forecast in the selection of materials for difficult
14



operating conditions of vehicle parts. The decisive factor in the selection of
materials for tribo-compounds of vehicles is a set of properties such as fatigue
strength, resistance to wear and scuffing, resistance to abrasive wear and cavitation
erosion, high heat resistance and resistance to thermal fatigue, resistance to oil

corrosion [22, 23].

Fig. 1.1. Details of an automobile engine

It should be noted that in the scientific and practical direction of friction and
wear, such a direction as automotive tribology has been formed [24].

To assess the wear resistance of the surfaces of vehicle parts, it is necessary
to establish the mechanisms of mechanical, physical and chemical changes that
occur in the process of structural adaptation during friction.

A promising direction in this regard should be the involvement of the basic
provisions of the molecular-mechanical and structural-energy theories of friction,
which will allow us to identify the main changes occurring in frictional contact and
determine the dominant factors that ensure an increase in the wear resistance of

tribosystems.
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1.2. Analysis of methods for increasing the wear resistance of parts

surfaces

Increasing the resistance of vehicle parts to fracture under various types of
operational loads can be achieved by technological methods of bulk or surface
hardening. Bulk hardening increases the static strength of parts in which the
working stresses are distributed more or less evenly over the cross section. High-
strength steels and alloys, composite materials are used for such parts. Most
vehicle parts operate in conditions in which operational loads are perceived mainly
by their surface layer.

Therefore, wear resistance, the initiation and development of fatigue cracks,
and the occurrence of corrosion sites depend on the resistance of the surface layer
to fracture. For parts of vehicles, the destruction of which begins from the surface,
a large number of surface strengthening methods have been developed, based on
the application of coatings or changes in the state (modification) of the surface [51-
54].

When applying coatings, strengthening of parts of vehicles is achieved by
depositing on their surfaces materials that differ in their properties from the
material of the parts, but most fully meet the operating conditions (wear, corrosion,
chemical exposure, etc.). All known strengthening methods can be conditionally
divided into 6 main classes [55]:

1. Hardening with the creation of a film on the surface:

a) deposition by chemical reactions (oxidation, sulfidation, phosphating,
application of a hardening lubricant, deposition from the gas phase);

b) vapor deposition (thermal evaporation of refractory compounds, cathode-
ion bombardment, direct electron-beam evaporation, reactive electron-beam
evaporation, electron-chemical evaporation);

c) electrolytic deposition (chromium plating, nickel plating, electrophoresis,

nickel phosphating, boriding, borochroming, chromium phosphating);
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d) spraying of wear-resistant compounds (plasma spraying of powder
materials, detonation spraying, electric arc spraying, laser spraying, vortex
spraying, induction cauterization of powder materials).

2. Hardening with a change in the chemical composition of the surface layer
of the metal:

a) diffusion saturation (boriding, cyaniding, nitriding, nitrocarburization,
etc.)

b) chemical and physicochemical effects (chemical treatment, ion
implantation, electric spark treatment, etc.).

3. Hardening with a change in the structure of the surface layer [56, 57]:

a) physical and thermal treatment (laser hardening, plasma hardening);

b) electrophysical treatment (electrocontact, electrical discharge, magnetic
treatment);

c) mechanical (vibration hardening, friction-hardening treatment, shot
blasting, explosion treatment, thermomechanical, electromechanical);

d) surfacing of alloyed elements (gas flame, electric arc, plasma, laser beam,
ion beam, etc.).

4. Hardening with a change in the energy reserve of the surface layer [58]:

a) treatment in a magnetic field (thermomagnetic treatment, pulsed magnetic
field, magnetic field);

b) treatment in an electric field.

5. Hardening with a change in the surface microgeometry and hardening
[59]:

a) cutting treatment (turning, grinding, high-speed cutting);

b) plastic deformation (rolling, rolling, rolling, smoothing, vibrorolling,
vibrosmoothing, calibration, centrifugal impact hardening, etc.);

c) combined methods (anode-mechanical, surface alloying with smoothing,
cutting with the influence of ultrasonic vibrations, magnetic-abrasive processing,

etc.).
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6. Strengthening with a change in the structure of the entire volume of the
metal [60, 61]:

a) heat treatment at positive temperatures (quenching, tempering,
normalizing, thermomagnetic treatment, etc.);

b) cryogenic treatment (quenching with cold treatment, thermal cycling).

These methods, aimed at strengthening the surface layers of tribocoupling
parts of vehicles, also have disadvantages [1, 62, 63]. Ilpu neryBanHi i
MOaU(DIKyBaHHI CIIOCTEPIraeThCsl IIJBMINCHA BHUTpaTa MaTepiajiB, TakK K
JETYIOUUN €JIEMEHT PO3MOAUIIETECA Yy BCbOMY 00'€éMi 3aroTOBKH, a 3HOCY
NIAAEThCS TIIBKA TOHKHUM IIap KOHTAKTHOI MOBEPXHI MeTaily. Benumka KUIbKICTh
JIETYIOUUX €JIEMEHTIB HJie B METaJoOpyXT 31 CTPYKKOIO MPU MeXaHI4Hii oOpoOiii
Ta BIIXOJAaMH 3 JUBHUKOBOIO CUCTEMOIO.

The disadvantages of the magnetic field processing method include grooving
of the part during hardening. The disadvantages of strengthening parts by plastic
deformation include a decrease in the thermal conductivity of the material as a
result of plastic deformation and thereby an increase in the thermal stress of the
unit and relatively low results in increasing wear resistance (only 8-10%).

The main disadvantages of volumetric heat treatment are: distortion of the
part during hardening; residual stresses and uneven hardness across the part's
cross-section; surface decarburization; formation of hardening cracks, especially
with a large cross-section; high energy intensity of the process.

To improve the performance of vehicle parts, almost all traditional surface
modification technologies and the application of wear-resistant and corrosion-
resistant coatings are used. However, there is no universal method for
strengthening parts, so the same method in some operating conditions can give a
positive effect, and in others a negative one.

Therefore, in some cases, combined strengthening of parts is used, based on
the use of two or three strengthening methods, each of which allows enhancing a

certain performance characteristic of the resulting strengthened surface layer. In

16



addition, the choice of a particular method of surface strengthening is determined
by economic considerations.

Thus, to increase the wear resistance of vehicle parts, it is necessary to apply
surface strengthening technologies with functional coatings that would ensure both
the proper economic level of the technological process of their formation and
would exhibit effective operational characteristics in accordance with their
purpose.

Significant research on improving the tribotechnical characteristics of
vehicle parts is related to nitriding [64], the use of laser technology [65, 66], gas
thermal spraying (GTP) [67], chemical (CVD) [68] and physical (PVD) deposition
[69, 70] from the gas phase. Surface plastic deformation [71] and microarc

oxidation [72] technologies are used for surface strengthening of vehicle parts.

1.3. Surface strengthening of parts with functional coatings

To improve the performance characteristics of vehicle parts, strengthening
protective coatings are used. The use of strengthening protective coatings
significantly expands the use of vehicle parts in friction conditions [73, 74].

To improve the performance characteristics of vehicle parts, technologies for
applying wear-resistant and corrosion-resistant coatings are used [75, 76].

A significant amount of research is related to nitriding (Fig. 1.4) to create

wear-resistant nitride on the surface of vehicle parts [77-81].

Fig. 1.4. lon nitriding of internal combustion engine parts
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Applying nitrides to the surface of vehicle parts is an effective method of
protection against wear. Nitride-based composite coatings provide a high level of
tribotechnical properties [82, 83].

Research involving laser technologies is spreading. Thus, in [84] it is shown
the possibility of surface strengthening of vehicle parts by applying a slurry
containing boron B, nickel Ni, chromium Cr and copper Cu with subsequent
melting by a laser beam. Optimal hardness and homogeneity of coatings are
achieved by using copper compounds Cu and chromium Cr in the composition of
the charge.

Laser doping of the surface of vehicle parts is implemented from coatings,
using the Charpy principle, according to which high wear resistance of
tribocompounds is ensured by the inhomogeneity of the structure of the "hard
inclusion in a soft matrix™ type. Laser technologies (Fig. 1.5) are successfully used
in industry for surface hardening of pistons and liners of internal combustion
engines (ICEs) [85, 86, 87].

Fig. 1.5. Laser processing of vehicle parts

Gas thermal spraying (GTP) of vehicle parts (Fig. 1.6) has found wide
industrial application [88]. Modern equipment for plasma spraying allows

obtaining coatings from both dispersion-strengthened composite materials [89]. As

18



materials for applying wear-resistant coatings on the surface of vehicle parts by gas

thermal spraying methods, Fe-C-Cr systems and others are used.

Fig. 1.6. Gas thermal spraying of vehicle parts

The tribotechnical characteristics of vehicle parts surfaces are improved by
the method of high-speed fuel-oxygen spraying (HVOF) and activated electric arc
spraying (EAS) [90]. The method of chemical vapor deposition (CVD) makes it
possible to create a superhard coating of tungsten carbide WC with high wear
resistance on the strengthening surfaces of parts [91]. For surface strengthening of
parts, complex alloying of the surface with nickel Ni and titanium Ti, iron Fe and
titanium Ti metals is used. Surface strengthening of parts by plasma spraying of
powder materials is known [92].

To increase the wear resistance of the working surfaces of vehicle parts that
are not available for coating by gas-thermal spraying methods (inner surfaces of
cylinders, inner cavities of pistons, combustion chambers, etc.), technologies based
on the principle of anodic spark processes in water-based electrolytes have been

developed and are widely implemented [93, 94].
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Anodic spark processes are also called microarc oxidation (MAO). In the
process of microarc oxidation, complex oxides are created that are part of the
complex anion of the electrolyte [95]. In the course of many studies [95-99], the
peculiarities of oxide formation at electric field strength, which causes micro-
breakdown of the coating, have been elucidated. Based on the results of the
studies, it is possible to predict the thickness of the coatings (depending on the
electric field strength within 300...1000 pm) and their porosity (up to 50% on the
surface near the base [96]). Positive results in increasing wear resistance were
obtained by combining the technology of micro-arc oxidation with the application
of an outer layer of pyrolytic chromium [99].

Surface hardening of vehicle parts by physical vapor deposition (PVD) is at
the research stage. lon-plasma coating of titanium nitride (TiN) with a thickness of
10...15 pum reduces the wear intensity of parts by 50-60 times, and the friction
coefficient is reduced by 1.5 times. This allows to increase the durability of parts
by 1.5-2 times. A number of promising materials for ion-plasma coatings have
been developed [100-103]. The structure of such coatings contains quasi- and
nanocrystalline intermetallic phases, which provide a combination of high
hardness, wear resistance and fracture toughness.

For surface strengthening of vehicle parts, traditional surface plastic
deformation (SPD) methods are used. Impact riveting of the surface with rollers
increases wear resistance and fatigue resistance [104]. The expansion of the scope
of application of parts made of light metal alloys with a high level of tribotechnical
properties became the basis for the development of combined coatings. In this
direction, two main tasks are solved for vehicle parts: increasing the operating
temperature of the metal by applying heat-protective barrier layers; increasing the
wear and corrosion resistance of alloys by applying gradient ceramic coatings.

In [105], a scheme for applying a heat-protective barrier layer to the surface
of vehicle parts using high-velocity oxygen-vapor (HVOF) spraying is proposed.
Another scheme for applying ceramics to the hardened surfaces of parts [106, 107]

involves the sequential gas-thermal application of a layer of aluminum powder
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adjacent to the hardened surface of the part, then a layer of a mixture of aluminum
with ceramic powder, and finally a surface layer of ceramic powder. After each
spraying stage, the surface is irradiated with a laser beam. The ceramic content in
the coating layers gradually increases to the outer surface. The coating obtained in

this way is characterized by high wear and corrosion resistance.

1.4. Design and technological methods for increasing the durability of

vehicle parts

When developing pistons for internal combustion engines, the main tasks
are: reducing the mass of the piston, the mass of parts adjacent to it, and its
operating temperature; improving the thermal state of the piston; increasing the
wear resistance of the piston and its reliability [108].

To increase the durability of pistons, coating technologies have been widely
used. The most common are galvanic, chemical-thermal and gas-thermal methods,
as well as ion plating [109-111]. To protect the piston crown from burnout and
reduce the temperature in the area of the first annular groove, hard anodizing is
used [112]. A heat-protective coating on the crown, applied by the gas-thermal
spraying method, increases the engine efficiency by 21% [113].

Traditional coatings used to increase the power of internal combustion
engines are destroyed before the established period of their operation [113]. This
circumstance requires constant improvement of coating application technologies.
The design features of the annular groove (height - 2...3 mm and depth - more than
5 mm) limit the possibilities of traditional coating application technologies.
Positive results in strengthening the shelves of the annular groove of pistons were
obtained by: electron beam and laser technologies [114-121]; chrome plating;
frictional-mechanical rubbing, which is a variant of chemical-thermal treatment

(CTP) in the solid phase and uses friction heat.
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To strengthen the pistons of automobile and tractor internal combustion
engines, technological methods of arc surfacing with additional alloying of the
molten bath with a special material or electrode wire are used. To restore and
strengthen diesel pistons, a technology of pulsed arc surfacing with a melting
electrode has been developed. A flux-cored wire is used as a melting electrode.
This allows: to change the chemical composition of the deposited metal in wide
intervals: to vary the composition of the components in the charge. The deposited
metal has a fine-grained structure with a uniform distribution of excess phases,
which ensures its increased wear resistance [73, 121].

A technology of double-arc surfacing of pistons has been developed, which
Is used in automobile and tractor internal combustion engines. The work [122]
presents the technological features of surfacing of pistons of automobile engines
with an electrode of lanthanated tungsten of the EVL brand with a diameter of @
10 mm. In this case, the hardness of the metal increases from HB 85...90 to HB
160...170. Operational tests have shown that at a hardness of HB 160...170, the
resistance of the metal to abrasive wear and dynamic loading increases. To
increase the wear resistance of the upper piston groove, plasma-arc remelting of
the groove zone with alloying of the melt with nickel Ni, chromium Cr and iron Fe
metals to a depth of up to 10 mm is used [123].

Production and operation of pistons, along with advantages, have specific
disadvantages. Thus, a high-strength insert in the annular groove area increases
wear resistance and ensures uniform wear of parts of the cylinder-piston group.
However, this method has the following disadvantage - due to the high specific
gravity of the insert, the mass of the piston increases.

The increase in piston mass leads to an increase in the dynamic stress of
internal combustion engines and as a consequence: a decrease in the fatigue life of
the crankshaft and increased wear of bearing liners; an increase in the cost of
production technology. The technology of casting a piston with a cast iron insert
(the so-called Alfin process) is 2 times more expensive than casting a piston

without an insert [124].
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Arc surfacing of the annular groove zone also has a number of disadvantages
[119, 123]: relatively low process productivity, which requires the use of wires
made of composite materials; dispersed phases are unevenly distributed in the
surfacing metal, which leads to its destruction during the operation of pistons; the
need for preliminary processing of the edges in the piston body when surfacing
with a flux-cored wire; intensive spattering of the electrode material; increased
porosity of the surfacing metal, which requires an increase in its density.To
eliminate the shortcomings of arc welding, the O.E. Paton Institute of Electric
Welding of the National Academy of Sciences of Ukraine has developed a
technology for local strengthening of pistons by arc welding [124].

The use of various methods of strengthening vehicle parts by applying
coatings is not always economically feasible, and in some cases is complicated by
excessive overheating of parts (with pulsed arc welding, gas flame and plasma
spraying) or due to insufficient hardness and adhesion of the coating to the base.

In the conditions of market relations and Ukraine's dependence on imported
supplies, the most suitable for industrial use is the technology of electric spark
alloying. Analysis of literary sources indicates the prospects of using the
technology of electric spark alloying to improve the performance of vehicle parts.
The use of electric spark alloying in modifying the surface layers of vehicle parts
provides advantages compared to other technologies that are based on the use of
energy-saving technology and increasing the scientific intensity of technological
support for surface hardening.

Due to its simplicity and energy saving, electric spark alloying is the most
suitable for restoring the dimensions of worn machine parts and strengthening
them [125].

Depending on the type of electrode, it is possible to obtain both a high-
strength, wear-resistant coating and a coating with the lowest coefficient of friction
resistance. The process of electric spark alloying with copper, titanium or tungsten

electrodes leads to the formation of various intermetallic phases in surface layers
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with a thickness of 25-50 microns, which affects the relaxation resistance of the
alloy under cyclic loads and thermal effects.

Establishing the Kkinetics of the formation of metastable dissipative
structures, taking into account the energy characteristics of tribosystems when
strengthening the surfaces of vehicle parts with electric spark coatings, will allow
controlling wear control processes by creating wear-resistant secondary structures,
which will provide an opportunity to expand the range of serviceable state of
strengthened parts.

However, to improve the quality of the electrospark alloying process, it is
necessary to take into account the degree of continuity of the coating, its
microgeometric and strength characteristics. A comprehensive assessment of the
quality of electrospark alloying will allow developing technological
recommendations for their application using multifunctional electrodes, which will

ensure the formation of a wear-resistant coating.

Conclusions on section 1

The requirements for high manufacturability of the production of vehicle
parts are determined by their strengthening technologies, the optimal choice of
structural materials and a favorable combination of their antifriction and
mechanical properties, manufacturability and cost. Most surface strengthening
technologies should be considered as alternative. Therefore, an analysis of surface
strengthening technologies was carried out, primarily an analysis of their indicators
such as the durability of vehicle parts, the cost of equipment and its energy
consumption, and the ecological impact on the environment.

In the conditions of market relations and Ukraine's dependence on imported
supplies, the most suitable technology for industrial use is the electrospark alloying
technology. Analysis of literary sources indicates the prospects for using the
electrospark alloying technology to improve the performance of vehicle parts,

primarily internal combustion engine parts.
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The use of electrospark doping in modifying the surface layers of vehicle
parts provides advantages compared to other technologies that are based on the use
of energy-saving technology and increasing the scientific intensity of the
technological support of surface hardening. However, to improve the quality of
electrospark coatings, it is necessary to take into account the degree of continuity
of the coating, its microgeometric and strength characteristics. A comprehensive
assessment of the quality of electrospark coatings will allow developing
technological recommendations for their application using multifunctional
electrodes that will ensure the formation of a wear-resistant coating.

To assess the wear resistance of the hardened surfaces of vehicle parts, it is
necessary to establish the mechanisms of mechanical, physical, and chemical
changes that occur in the process of structural adaptation during friction. A
promising direction in this regard should be the involvement of the basic
provisions of the molecular-mechanical and structural-energy theories of friction,
which will allow us to identify the main changes occurring in frictional contact and
determine the dominant factors that ensure an increase in the wear resistance of
tribosystems.

Establishing the Kkinetics of the formation of metastable dissipative
structures, taking into account the energy characteristics of tribosystems when
strengthening the surfaces of vehicle parts with electric spark coatings, will allow
controlling wear control processes by creating wear-resistant secondary structures,
which will provide an opportunity to expand the range of serviceable state of

strengthened parts.
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CHAPTER 2
ELECTROSPARK COMPOSITE WEAR-RESISTANT COATINGS

2.1. General Characteristics of the Electrospark Alloying Process

Among the various methods for improving the physicochemical and
mechanical properties of the surfaces of parts made of aluminum and its alloys, the
electrospark alloying (ESA) method is promising [126 —138]. The method of
applying wear-resistant coatings by electric spark alloying is based on the use of a
concentrated energy flow—a plasma jet of spark discharge [133, 134, 139].

The electric spark alloying method is distinguished by [133, 134 and 139]:

- low energy consumption of the process;

- environmental friendliness;

- simplicity of the process, which does not require highly qualified
personnel;

- compact equipment dimensions (Fig. 2.1);

- the ability to apply coatings locally to conductive materials;

- coating application both in a mechanized version (with process
automation) and using a manual vibrator.

The comparative characteristics of plasma spraying and electric spark
alloying systems presented in Table 2.1 demonstrate the advantages of EIL
equipment in terms of power, dimensions (Fig. 2.1), material utilization rates, and
the absence of surface pretreatment.

An analysis of economic indicators (electricity consumption and equipment
set cost) when replacing chemical-thermal treatment with laser, discrete-laser, and
discrete-electrospark technology [140-143] is presented in Table 2.2.

Thus, the greatest savings in the selection of alternative surface hardening
technologies are achieved by transitioning from traditional chemical-thermal

treatment methods to promising methods based on the use of highly concentrated

26



energy sources. For example, the transition from traditional high-frequency current
hardening to electric spark alloying provides [130-140]:

- significant energy savings;

- 10 times lower power requirements for electric spark alloying equipment
compared to high-frequency current equipment, while maintaining the same
duration of the EIL and microwave hardening processes;

- a tenfold reduction in capital expenditures for a set of equipment for
electric spark alloying compared to the cost of high-frequency current hardening
equipment;

- a reduction in the required effective production floor space.

Table 2.1

Comparative characteristics of coating application systems

Equipment Power, KW Dimensions, m KVM, % | Pretreatment
For plasma length 5.4...7.2 :

. : Sandblast
spraying (UPU, | 8...120 | width 3.6...4.4 35...80 mzr::hina:s'ng
Kyiv-7, APR) height 0.5...1.8
For EIL length 0.37...0.65
(Elitron) 0,4...0,8 | width 0.27...0.45 40...90 | Not required

height 0.15...1.20

| J
- ’y’
y |
B S 48 Y
: 'T:\‘A’\';t‘, "> E

Fig. 2.1. Example of equipment for electric spark alloying

A comparison of high-frequency current hardening and electric spark
alloying technologies reveals the advantages of ESA in terms of power

consumption, equipment size, material utilization, equipment cost, and the need for
27



surface pretreatment. However, it is mimpossible to implement the technology of
electric spark alloying of aluminum and its alloys using traditional electrode
materials (metal alloys and composites based on metal-like refractory compounds)
due to aluminum’s low melting point.

Table 2.2

Economic and energy performance indicators
for surface hardening technology

Indicators
H:l/lrdtehnlgg Electricity Consumption Cost of Equipment Set
etho d
Savings, | Thous. I
Thous. kWh times UAH Ratio, times
treatment
Laser treatment 116 48 732 In 2,25 tlmes_
more expensive
Discrete laser 23.2 239 732 In 2,25 tlmes_
method more expensive
Discrete electric 3.9 1420 30 in 10,8 times
spark method cheaper

There are three main areas of development in the electric spark alloying
method:

- in a gas atmosphere using a solid electrode [139, 144, 145];

- in a gas atmosphere using powdered material [139, 146, 147];

- in an electrolytic plasma [33, 139].

The latter option made it possible to develop the most widespread
technology of micro-arc oxidation (MAQO) [148-150]. Of these approaches, the
method of electric spark alloying in a gas environment using a solid electrode has
found the widest application and development [139, 144, 145]. The essence of the
method lies in the fact that during a spark discharge in a gas environment, erosion
of the anode material occurs and the erosion products are transferred to the cathode
(the surface of the workpiece being strengthened), on the surface of which a layer

with a modified composition and structure is formed, both due to material transfer
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and as a result of the impact of pulsed and thermal loads arising during electric
spark alloying [151-155].

The technology for surface hardening by the method of electric spark
alloying of steels and titanium alloys is described in the literature [156-158].
Information on surface hardening by the method of electric spark alloying of
aluminum alloys is limited. This is due to aluminum’s low melting point (660°C),
which causes its intense erosion during electric spark alloying. Therefore, it is
impossible to implement the technology of electric spark alloying of aluminum
alloys using traditional electrode materials due to cathode mass loss.

Detailed studies of the electric spark alloying process for AK-4 and AL-25
aluminum alloys are presented in [215]. The following materials were used as
electrodes: iron (Fe), titanium (Ti), copper (Cu), hard alloys VK-2, VK-4, VK-6,
VK-8, T16T, T15K6, and aluminum-based alloys AL-25 [145-147, 215]. Alloying
was performed on mechanized equipment, assembled with a lathe equipped with
an EFI-25M pulse generator, operating at working currents of 80-100 A [1, 131,
135, 139, 158, 215].

The results of the studies showed that alloying the AL-25 aluminum alloy
with hard alloy electrodes is accompanied by a loss of cathode mass. When
alloying AK-4M and AL-25 aluminum alloys with materials having a melting
point similar to that of aluminum, the cathode mass increases under certain
electrical conditions [215]. The cathode growth can be controlled by changing the
parameters of electric spark alloying, for example, the duration of the spark
discharge pulse.

Figure 2.2 shows the dependencies of the cathode weight gain for the AL-
25, D16, and AK-4 alloys on the pulse duration in the range of 200—1000 ps [215].
The cathode growth was measured at an operating current lyok = 10-15 A. The
obtained dependencies show that stable cathode growth is achieved at pulse
durations ranging from 600 to 900 us. At the same time, as the content of alloying
additives in the alloys increases, the pulse duration during their processing should

decrease within the specified range.
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Fig. 2.2. Relationship between the weight gain of aluminum alloys
and the duration of the spark pulse

A characteristic feature of electro-spark coatings on AL-25 aluminum alloy
[215] when alloyed with copper electrodes is the formation of individual “islands”
with a height of 0.8-1.5 mm. During copper alloying, high hardness of the alloyed
layer (2.1-2.2 GPa) and high adhesion strength (0.08-0.1 GPa) are observed due to
the formation of the intermetallic compound AICu, and copper oxide in the alloyed
zone [215]. The efficiency of the electric spark alloying process using copper
electrodes is largely determined by the selected process parameters — current
intensity (I) and the number of passes (n) of the alloying electrode.

Mass transfer during electric spark alloying of aluminum alloys using
different classes of electrode materials was investigated in both manual and
mechanized versions [136, 153-155]. It was established that the extent of erosion
of the aluminum cathode significantly depends on the nature of the electrode
material and correlates with its melting point.

Given the importance of addressing the issue of improving the wear
resistance of aluminum alloys via electrospark alloying with composites based on
refractory compounds, measures were taken to eliminate the electroerosion of the
aluminum cathode by [151, 152]:

- spark alloying through a layer of metal powder poured onto the cathode
surface;

- metered powder feeding, which was performed from a hopper equipped

with a special metering device.
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It was assumed that the powder would serve as a shield and ensure an
increase in the cathode’s mass. Experiments showed that when powder is fed
during electric spark alloying, cathode erosion decreases sharply, regardless of the
nature of the powder material.

The hardness of the formed coatings is close to that of the deposited
materials. Thus, when feeding TN-20 powder (80% TiC, 20% Ni), the coating
hardness reached 17-18 MPa [130, 216.

The authors of [151, 152] attribute the sharp reduction in cathode erosion to
the redistribution of discharge energy within the anode-interelectrode gap-cathode
system and the additional heating of powder particles by short-circuit current.
Electroslag alloying of the D16T aluminum alloy with nickel- and graphite-based
powder mixtures significantly increases wear resistance [217-220]. The coating
shows virtually no wear at a sliding speed of 0.01 m/s and a contact zone pressure
of 1-2 MPa over a period of 10 —12 hours [221]. The results of studies [146, 147,
151, 152, 205-208] indicate that by feeding powder materials into the
interelectrode gap (IEG), it is possible to obtain electric-spark coatings of
refractory materials on aluminum alloys without loss of cathode mass and to create
wear-resistant friction pairs.

It should be noted that feeding powder into the interelectrode gap
significantly complicates the technology, increases its cost, and complicates the
automation of the electric spark alloying process. The explosive nature of the spark
discharges leads to significant powder losses due to its dispersion. Powder electro-
spark alloying imposes restrictions on the geometric shapes of the workpiece. For
these reasons, the powder variant of electro-spark alloying has not found
widespread practical application [139, 146 and 147].

The conducted research has demonstrated the feasibility of the electric spark
alloying process for aluminum and its alloys with cathode mass gain through the
redistribution of energy in the interelectrode gap by varying the electrode
composition. This approach was developed and implemented at the I.M.

Frantsevich Institute for Problems of Materials Science of the National Academy
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of Sciences of Ukraine [135]. This fundamentally new approach made it possible
to create composite electrode materials using powder metallurgy. This ensured a
stable increase in cathode mass, which led to the creation of a series of wear-
resistant electrospark coatings on aluminum alloys.

The authors [135] utilized the principle of new-generation multifunctional
electrodes. One of the main functions of such an electrode is the creation of a
shielding cloud in the interelectrode gap. The decisive factor ensuring positive
cathode growth is the presence of non-conductive phases in the electrode’s
electroerosion products, which form in the interelectrode gap in sufficient
quantities to suppress cathode erosion [135].

The increased wear resistance of new-generation electric spark coatings is
achieved by the formation of polyoxide tribofilms on the coating surface, which
are formed under non-equilibrium conditions of the tribo-oxidation process. The
composition of the tribofilm, which determines the wear resistance of the coating,
is predicted by the selection of the electrode composite material’s composition
[135]. In the electrospark alloying of aluminum alloys, the function of selectivity
in the wetting of electrode electroerosion products by the aluminum melt of the
cathode was realized for the first time. The leading role of substrate material
wetting of electrode electroerosion products in the formation of electrospark
coatings was established.

Electrospark alloying technology is a structure-forming technology
controlled by the selection of structural components of the composite
multifunctional alloying electrode material [135]. Electrode materials science has
become a progressive field in electrospark alloying technology [1, 128, 158, 214,
222, 223].

2.2. Generalized model of the electrospark alloying process

Addressing the materials science aspect of the problem of electric spark

alloying is impossible without understanding the process model, which
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includes the physical nature of the phenomena occurring on the working surfaces
of the electrodes and in the interelectrode gap under spark discharge conditions
[135, 136].

Let us consider a model of the electric spark alloying process for the non-
mechanized vibrational type of alloying, which differs from the non-vibrational
mechanized ESA by the presence of electrode contact and their vibration [135,
136]. This results in increased mechanical loads on the electrode material and a
higher level of their physicochemical interaction. The main provisions of the
model also apply to the non-vibrating mechanized process of electric spark
alloying.

According to the generalized model of the non-mechanized vibrational
alloying process (Fig. 2.3) [134], the spark discharge exerts a pulsed thermal and

mechanical effect on the electrodes.

1 Zone of
mutual
crystallization o o “0°
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Fig. 2.3. Generalized model of the electric spark alloying process:
a) breakdown of the interelectrode gap;
b) formation of erosion pits — 1 on the anode and cathode, comprising three
zones: evaporation — 4, melting — 3 and stress —2;
c) the moment of electrode contact, accompanied by welding and reverse
transfer; d) formation of a secondary structure on the anode — 5 and a doped layer
on the cathode — 6.

The electron flow leads to local heating of the electrode (anode), and in the

transverse magnetic field, high pressure is created in the plasma discharge cord, in
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which the average electron temperature Te = (5...7) x 1000 K is realized with an
average electron density n, = (4-13) x 10%%) cm™ (Fig. 2.3, a).

As a result of this effect, volumetric heat sources appear on the electrode
surfaces, leading to the formation of erosion pits on the anode and cathode. Within
the pit itself, three zones can be distinguished: evaporation, melting, and stress
(Fig. 2.3, b). The size of the melting and evaporation zones increases as the
melting temperature Tpyer, boiling temperature Ty, and thermal conductivity
coefficient of the electrode material A decrease.

The stress zone arises due to thermal and thermomechanical stress waves
resulting from pulsed heating, the reactive action of the plasma jet, and its
expansion at the moment of current decay in the pulse [136].

In [135], it is shown that the variation of thermal stresses arising in the
surface layer under the action of a pulsed heat source is wave-like in nature, with
stresses varying from compressive to tensile stresses, decaying with increasing
distance from the heat source.

High tensile stresses on the working surface of the electrode are the main
cause of crack formation and solid-phase erosion, whose contribution to the overall
erosion effect depends on the processing conditions and the covalence of
interatomic bonds in the anode material [135, 152].

The plasma jet contains elements of the anode material and impurities of the
cathode material. In the microzone on the cathode, intense mixing and chemical
interaction of the cathode material with the transferred anode material occur not
only in the liquid and vapor phases but also in the solid phase, with solid-phase
anode material particles measuring 1-2 um not adhering but lying on the cathode
surface. The subsequent moment of mechanical contact between the electrodes is
also accompanied by intense chemical interaction of the materials, which may lead
to electrode welding and the transfer of material from the cathode to the anode due
to the Thomson, Koller, and Peltier effects.

The main conclusion from the consideration of the generalized model of the

electric spark alloying process is the need to account for the physicochemical
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interaction of the products of electrode material electroerosion with each other and
with the cathode material in the interelectrode gap and on the electrode surfaces,

taking into account high-temperature oxidation and reverse mass transfer.

2.3. Kinetics of mass transfer and phase formation during electric spark

alloying

Mass transfer of electroerosion products from the anode to the cathode is
characterized by the mass transfer coefficient K, which is equal to the ratio of the
total mass gain of the cathode > 4¢ to the total erosion of the anode > .4, over the
processing time t:

Ki =24/ XA, (2.1)

The maximum value of the mass transfer coefficient, which ranges from
60% to 90% for steels and titanium alloys, is one of the conditions for the
effectiveness of the electric spark alloying process. In cases where the electrical
erosion of the cathode material exceeds the mass gain resulting from the transfer of
anode material, a decrease in cathode mass occurs (2.4« < 0) and the mass transfer
coefficient loses its physical meaning, taking on negative values. This is precisely
the situation that occurs during the electro-spark alloying of low-melting-point
metals, including aluminum, using traditional electrode materials—metal alloys
and composites of the “metal-like refractory compound-metallic binder” system
[153].

Fig. 2.4 shows the mass transfer kinetics in conjunction with changes in the
composition of the anode and cathode materials during the electrospark alloying of
steel with nickel [153]. In all cases, the total increase in cathode mass according to
the gravimetric method (curve 2) is less than the nickel content in the steel (curve

1). This is despite minimal degradation of the cathode material (iron) during the
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electric spark alloying process. As a rule, the increase in cathode mass tends

toward saturation (curves 1, 2) with prolonged processing time.
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Fig. 2.4. Mass transfer kinetics for different modes of electric spark alloying
of steel 55 with nickel:

1 — nickel content in steel 55 (Cy;), determined by atomic absorption
spectroscopy;

2 — total cathode growth (Z4);
3 —iron content in the Ni anode (Cr);
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a) Mode 111 — 100 Hz; b) Mode 11l — 200 Hz;
¢) Mode V - 100 Hz; d) Mode | — 100 Hz.
The formation of the surface layer during electric spark alloying is a

dynamic process in which, within a single cycle, erosion and transfer of anode
material to the cathode occur, as well as constant mutual movement of the
electrodes [133, 134, 139, 151-155]. The transfer of electrode material to the
workpiece, which is a specific feature of electric spark alloying and occurs under
normal conditions, has a limit (varying for different modes and materials) that

corresponds to the maximum on the cathode mass gain curve (Fig. 2.5).

A,
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Fig. 2.5. Dependence of mass gain on processing time for mild (1)
and coarse (2) modes of electric spark alloying

The limitation on coating thickness is evident in the Kkinetic curves of the
specific weight gain of the cathode (Fig. 2.6, a) [153]. The cathode growth per
minute of treatment decreases at a specific duration t > 4 min/cm?, which
characterizes the brittle fracture threshold of the alloyed layer tx. This limitation on
the thickness of the alloyed layer is due to several factors [158], the main ones
being:

— brittle fracture of the coating due to internal stresses arising from the
pulsed thermomechanical effect of the spark discharge and differences in the
thermal expansion coefficients of the phase components in the layer;

— the formation of a dispersed structure;
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— the formation of a secondary structure on the anode’s working surface via
reverse mass transfer from the cathode to the anode [153].

The secondary structure arises due to the pulsed thermomechanical effect of
the spark discharge, which leads to the densification of the anode’s surface layer
and grain refinement, as well as due to the interaction of the anode material with
elements of the interelectrode medium and with the cathode material (as a result of
reverse transport), which leads to surface modification.

Taken together, this generally results in an increase in the erosion resistance
of the anode material or its fluctuation as the duration of the electrospark alloying
process (t) increases (Fig. 2.6, b). Reverse mass transfer of material (from the
cathode to the anode) is one of the most important factors in the formation of the
secondary structure on the anode. Atomic absorption spectroscopy data indicate the

non-stationary nature of this process (curves 3, Fig. 2.4).
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Fig. 2.6. Kinetic dependencies of the specific cathode weight gain A (a)
and anode erosion A, (b) during electric spark alloying of 55 steel with nickel
for different processing modes: 1) Mode 111 — 100 Hz; 2) Mode I11 — 200 Hz;
3) Mode V — 100 Hz; 4) Mode | — 100 Hz

During the initial stage of electric spark alloying (t < 2 min/cm?), the

concentration of anode and cathode materials in the opposite electrode increases,
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with the reverse transport (Cge) being consistently lower than the forward transport
(by an order of magnitude).

During the time t = 2 min/cm?, a secondary structure forms on the anode due
to reverse mass transfer and the interaction of the anode material with elements of
the interelectrode medium—oxygen O, and nitrogen N, (Stage I).

However, with a further increase in the duration of the electric spark
alloying process (t), the amount of iron in the anode (Cr.) decreases (Stage Il),
which is associated with the destruction of the anode’s working surface under the
action of cyclic loads from spark discharges, initiated by the formation of brittle
oxide and nitride phases in the near-surface layer of the anode.

Thus, the Kinetics of reverse mass transfer is divided into two stages
associated with the formation of the secondary structure (Stage 1) and its
destruction (Stage Il) [153-155]. The frequency of cycles of destruction and
restoration of secondary structures increases with the growth of pulse energy and
with an increase in pulse frequency (Fig. 2.6, curves 3).

External thermomechanical and physicochemical effects inevitably lead to
the destruction (erosion) of secondary structures, but these same effects and the
associated transport processes from the cathode and the interelectrode medium
ensure the regeneration of the secondary structure on the anode during prolonged
treatment. During the process of electric spark alloying, electrical erosion of the
electrode material occurs.

The products of electrical erosion interact in the liquid-vapor and solid
phases with the workpiece material and atmospheric oxygen in the molten pool on
the working surface, where active mechanical mixing takes place [141, 157]. At
the same time, despite the short duration of the electrical pulse (t = 103 ),
conditions are created in the interelectrode gap for thermally activated plasma-
chemical reactions to occur. This is ensured by the high plasma temperature
(5 x 103...10* °C) and the presence of an ion-plasma phase in the flow of eroded
anode material [151].
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The high temperature and ionization of the eroded particles activate plasma-
chemical reactions and diffusion processes in the interelectrode medium, creating
conditions for high-temperature oxidation of the components and their interaction
leading to the formation of new phases. As a result, electrospark coatings are
formed, the phase composition of which differs from that of the alloying electrodes
[141].

2.4. Features of electrospark alloying

Given the absence of high-hardness intermetallic compounds in aluminum,
there is potential for developing surface hardening methods—including electric
spark alloying—that would ensure the formation of structures on the surfaces of
aluminum and aluminum alloy components, structures not determined by the phase
diagrams of aluminum alloys [224], but rather by the formation of composite
materials involving refractory compounds to effectively improve the physical and
mechanical properties of aluminum alloys. In this regard, it is advisable to apply
protective coatings using refractory compounds as the deposited material, which
allow for a significant increase in the wear, heat, and corrosion resistance of the

material on the surfaces being hardened.

2.4.1. Electrospark Alloying with Compact Electrodes

Detailed studies of the electrospark alloying process for AK-4 and AL-25
aluminum alloys were conducted in [215]. The greatest cathode growth is achieved
when hard facing with D16T and aluminum alloys, while the highest mass transfer
coefficient is observed during electric spark alloying with copper and the AL-25
alloy.

The efficiency of the electric spark alloying process of AL-25 and AK-4M
alloys with copper is largely determined by the selected process parameters:
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a) the number of passes of the alloying electrode (n). The number of passes
of the alloying electrode affects the mass transfer coefficient. A decrease or
increase of two to three passes relative to the optimal value (n = 4) reduces the
mass transfer coefficient by a factor of 3 to 4;

b) the short-circuit current (I weiging). AS the short-circuit current increases to
a value of <100 A, the amount of material transferred from the anode surface to the
cathode surface increases. At the same time, the hardness of the surface layer
remains virtually unchanged. At a short-circuit current greater than 100 A
(I'welding > 100), the hardness of the alloyed layer decreases.

However, alloying at operating currents higher than 20 A is not justified, as
it is known from the practice of electric spark alloying [133, 134] that when
processing steels, titanium alloys, and other materials, the best results are obtained
when alloying at operating currents up to 5 A. Exceeding this value leads to the
formation of a large number of defects (pores, cracks) in the surface layers,
unevenness of the coating itself, as well as high residual stresses within it, which in
some cases exceed the tensile strength of the cathode material. These defects
manifest during the spark alloying of aluminum. Thus, even if surface hardening of
aluminum under the specified conditions increases surface hardness, such a surface
ultimately becomes unsuitable for use due to defects.

Mass transfer during electric spark alloying of aluminum grades A95, A5,
and aluminum alloys AD-31, AK-4, D16T, D20, AL-3, AL-25 and SAP-1 was
investigated in the work [136, 154, 155] for various classes of electrode materials.
The process was carried out in both manual and mechanized versions. The
following materials were used as electrode materials [144-147, 215:

- metals: lead (PDb), zinc (Zn), aluminum (Al), magnesium (Mg), nickel (Ni),
titanium (Ti), chromium (Cr), molybdenum (Mo), tungsten (W), and carbon (C);

- carbides: tungsten (WC), titanium (TiC), and a composition (TiC + Ni).

It was noted that the extent of aluminum cathode erosion significantly
depends on the nature of the electrode material and correlates with its melting

point. When using electrodes made of low-melting materials such as lead (Pb),
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zinc (Zn), and tin (Sn), the amount of electrode electroerosion products transferred
to the cathode—primarily in the liquid phase as a result of spark discharges—
exceeds the erosion of the cathode material. Consequently, over time, the mass of
material arriving at the cathode will gradually increase, and thus the total mass of
the cathode will also increase.

As the melting point of the alloying electrode material increases, the amount
of electroerosion products ejected from the surface per electrical pulse decreases.
In this case, cathode erosion outweighs the transferred anode material, and its mass
gradually decreases. A histogram of the change in the mass of an aluminum
cathode during electric spark alloying with various materials is shown in Figure 2.7
[151-155].

As can be seen from Figure 2.7, an increase in cathode mass occurs only
during its electrospark alloying with metals having a melting point lower than that
of aluminum. Alloying with metals having a melting point higher than that of
aluminum results in cathode erosion exceeding the mass gain due to the transfer of

electrode electroerosion products (i.e., the cathode mass decreases).
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Fig. 2.7. Histogram showing the change in the mass of the aluminum
cathode as a function of the melting temperature (Tme:) Of the anode material
(discharge energy 0.3 J, alloying time 1 min/cm?)
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Metallographic and X-ray phase analyses of samples alloyed with low-
melting-point metals have shown [151-156] that the surface layers consist
mainly of electrode material. For example, in the electric spark alloying of
aluminum with zinc, the formed coating consists of pure zinc and a small amount
(3%) of zinc oxides (ZnO,), which are formed as a result of the interaction of zinc
with oxygen in the air.

During electric spark alloying using electrodes made of metals with higher
melting points than aluminum, despite significant erosion of the aluminum
cathode, a certain amount of anode material reaches its surface and interacts with
it. Thus, on the surface of the aluminum cathode after treatment with chromium,
nickel, and copper, the intermetallic compounds CrAl;, NiAl, NiAls, and CuAl,
were detected. Thus, the obtained data show that during electric spark alloying
with compact electrodes on aluminum, layers can be deposited only when using
anodes made of low-melting-point metals—Ilead (Pb), tin (Sn), zinc (Zn), and
others—whose melting points are lower than that of aluminum. Processing with
electrode materials having a melting point higher than that of aluminum always
leads to predominant cathode erosion, and the process may be accompanied by
surface modification.

Given the importance of improving the wear resistance of aluminum alloys
through their spark alloying with composites based on refractory compounds,
attempts were made to reduce the electrical erosion of the aluminum cathode by
spark alloying through a layer of metal powder poured onto the cathode surface,
which was fed from a hopper equipped with a special metering device [225]. It was
anticipated that this would have a shielding effect on the cathode surface and lead

to an increase in cathode mass.

2.4.2. Electrospark alloying with powder mixtures

In the works [146, 147] it was established that when powder mixtures are

fed into the interelectrode gap by one method or another, under discharges of equal
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power, the erosion pits formed on the cathode surface are much smaller in diameter
and depth than the pits obtained during electric spark alloying with compact
electrodes. At the same time, the erosion pits are filled with electrode material and
remelted powder particles.

The data obtained show that when powder material is fed into the
interelectrode gap during the electrospark alloying process, cathode erosion
decreases sharply. At the same time, regardless of the nature of the powder
materials used, the cathode mass increases over time.

The hardness of the formed coatings is close to that of the deposited
materials. For example, when feeding TN-20 powder (80% TiC, 20% Ni) into the
interelectrode gap, the hardness of the formed coating in certain areas reaches 17—
18 GPa [146, 147, 156].

The authors of [151-153] suggested that the sharp reduction in erosion of
the aluminum cathode under electrospark alloying conditions when powder
materials are fed into the interelectrode gap occurs due to the redistribution of
discharge energy in the anode—interelectrode gap—cathode system. As the
electrodes approach each other, the electric field increases proportionally to the
decrease in the distance between the electrodes. The increasing electric field causes
particles located near the electrodes to be drawn into the interelectrode gap.
Powder particles that end up in the interelectrode gap initiate a discharge at a
distance between the electrodes greater than the breakdown distance [136, 139]. As
the distance between the electrodes increases, there is a redistribution of the energy
released at the electrodes and in the interelectrode gap [134-136]. The proportion
of energy released at the electrodes decreases, while the interelectrode gap
increases. With a simultaneous reduction in electrode erosion, intensive melting of
powder particles entering the discharge channel occurs, along with the transfer of
this material to the substrate (cathode) and the formation of a coating.

The constant component of the short-circuit current when using RC

generators, which flows through the powder layer at the moment of electrode
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contact, has a positive effect on coating formation. Due to this current, the particles
are further heated and interact more intensively with the cathode material.

Using the example of electric spark alloying of the D16T alloy with nickel,
it has been shown [134-136, 139, 147, 215, 216, 219] that the hardness of the
coatings significantly depends on the electric spark alloying conditions and the
composition of the powder mixture.

Since during electro spraying with powder mixtures the temperature of the
mixture particles in the microvolume of the substrate reaches the melting and
vaporization temperatures of the compounds and elements comprising the mixture,
active chemical interaction processes of the electrode materials occur in the
substrate; therefore, the composition of the coatings always differs from that of the
powder mixture and the base material [138, 139, 146-147, 226].

Electroslag alloying of the D16T aluminum alloy with nickel- and graphite-
based powder mixtures significantly increases its wear resistance: the coatings
show virtually no wear at a sliding speed of 0.01 m/s and a contact zone pressure
of 1... 2 MPa for 10...12 hours [147, 218 and 219].

Electrospark alloying of an aluminum substrate with chromium, copper, and
aluminum powders does not lead to an increase in wear resistance, which is
attributed to the significant brittleness of the applied coatings [139, 146 and 147].
It should be noted that nickel and graphite are traditionally used to improve the
wear resistance of aluminum alloys [158, 218, 219, 220] operating under low load
and speed conditions.

The results of [135-139, 146 and 147] indicate that, when powdered
materials are fed into the interelectrode gap, it is possible to obtain electro-spark
coatings of refractory materials on aluminum and its alloys without loss of cathode
mass and to create wear-resistant friction pairs. It should be noted that feeding
powders into the interelectrode gap significantly increases the cost of the
technology and complicates the automation of the electric spark alloying process.
Therefore, the method of electric spark alloying with powder mixtures has not

found widespread practical application. However, studies have shown that it is
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possible to perform the process of electric spark alloying of aluminum and its
alloys with an increase in cathode mass by redistributing energy in the

interelectrode gap.

2.5. Factors influencing the formation of electric spark coatings

2.5.1. Selection of Alloying Electrode Material

The literature presents the results of studies on the structure, properties, and
kinetics of the formation of electric-spark coatings on iron-carbon and titanium
alloys, as reported in the works of Lazarenko B.R., Verkhoturov A.D.,
Podchernyayeva I.A., Lyashenko B.A., Rutkovsky A.V., Solovykh E.K.,
Mikosyanchik O.0., and others [130, 131, 215, 133-138, 141-145, 152, 156-158].
However, information on the use of electric spark alloying technology for
aluminum and its alloys is very limited due to the high electrical erosion of
aluminum caused by its low melting point.

It has been established that electric spark alloying of aluminum and its alloys
using traditional electrode materials (metals, their alloys, and metal-like refractory
compounds) is accompanied by a loss of cathode mass (the workpiece) that
exceeds the mass transfer of the products of electrode (anode) electroerosion and
leads to the destruction of the workpiece [135-139, 144, 145, 151, 152, 154, 155].
Positive experience with the electro-spark alloying of aluminum alloys using
powder mixtures [139, 146 and 147] has shown that the redistribution of spark
discharge energy, achieved through a partial loss of energy in the interelectrode
gap, ensures an increase in cathode mass.

A similar effect can be achieved in the process of electric spark alloying
with compact electrodes [139] if the electrode material ensures the formation of
dielectric components in the interelectrode gap within the electroerosion products
in an amount sufficient to suppress the electroerosion of the aluminum cathode.
This requirement can be met by composite materials based on aluminum nitride

(AIN) [137, 138, 157 and 227]. Under conditions of high-temperature oxidation
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during the electric spark alloying process, aluminum nitride will partially oxidize,
forming a second dielectric component—aluminum oxide (Al,O3)—in the
interelectrode gap. A mixture of particles and vapors of aluminum nitride (AIN)
and aluminum oxide (Al,03), forming a cloud above the surface of the aluminum
cathode, can suppress its electrical erosion.

Given that the doping electrode must be electrically conductive, composites
based on aluminum nitride of the AIN-Ti (Zr)B, system with Ti (Zr)Si,, which
include electrically conductive boride and silicide phases [135, 137, 138, 142-144,
155, 157, 227, 228]. Surface modification with such composites, which combine
the corrosion resistance of aluminum nitride with the hardness and wear resistance
of the boride component, ensures a high level of tribological properties in
aluminum alloys. A shielding effect can be achieved by using alloying electrodes
that do not contain dielectric components but form them in sufficient quantities in
the interelectrode gap during the oxidation process. This requirement can be met
by electrode materials based on lanthanum hexaboride of the LaBgs-ZrB; system
[135, 137, 138, 141-143, 154, 155, 157], in which the B,03 oxide phase, formed in
sufficient quantities, can perform a shielding function in suppressing the
electroerosion of the aluminum cathode.

An important factor in selecting these materials for applying wear-resistant
coatings is that they can be classified as self-lubricating materials and coatings
designed for operation under dry sliding friction conditions. In high-temperature
processes of electric spark alloying of aluminum alloys with these materials,
limited solid solutions of the ZrO,-La,03-Al,03 system, as well as oxide phases of
TiO,, Al,03, SiO,, ZrO,, La,0s3, and corresponding compounds such as B-thialite,
mullite, and others, which can act as solid lubricants. At the same time, boron
oxide, due to its low melting point (450°C), is capable of functioning as a liquid
lubricant up to a temperature of 650°C. This was demonstrated using the example
of electric spark alloying of steels and the VT6 alloy with AIN-ZrB,-ZrSi, and
AIN-TiB, materials [135, 137, 138, 141-143, 154, 155, 157].
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Thus, the creation of wear-resistant coatings on aluminum alloys without
loss of cathode mass during processing, achieved by using composite ceramics
based on AIN-Ti (Zr) B, and LaBes-ZrB, as electrode materials to strengthen
sliding friction pairs made of aluminum alloys, primarily in small-batch production
(e.g., crankshaft bearing seats, sliding bearings of gear hydraulic machines, pistons

of internal combustion engines, and others), is a pressing task.

2.5.2. Effect of the duration of electric spark alloying

The results of a study on mass transfer kinetics during electric spark alloying
of various hardfacing materials (45 steel, AL9 and VT6 alloys) with electrode
materials based on aluminum nitride (AIN) of the AIN-TiB,-TiSi, (TBSAN) and
the AIN-ZrB,-ZrSi, (CBSAN) system are presented in Figs. 2.8 and 2.9.
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Fig. 2.8. Effect of the substrate material on mass transfer kinetics during
electric spark alloying using an AIN-ZrB,-ZrSi, electrode (CBSAN): a) cathode
weight gain Ak and anode erosion Aa; b) mass transfer coefficient K.
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For all the coatings studied, three stages of electric spark alloying can be
identified based on the kinetic dependencies of the mass transfer coefficient.
During the first stage of the electrospark alloying process (Figs. 2.8, 2.9):

- high efficiency of the electrospark alloying process using an aluminum
nitride (AIN) electrode of the AIN-ZrB,-ZrSi, system (CBSAN);

- the mass transfer coefficient K of the system “CBSAN coating (AIN-ZrB;-
ZrSi,) — AL9 substrate” is twice as high as the mass transfer coefficient K of the
system “CBSAN coating (AIN-ZrB,-ZrSi,) — substrate (45 steel)” system and three
times higher than that of the “TBSAN coating (AIN-TiB,-TiSi;) — AL9 substrate”

system.
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Fig. 2.9. Effect of electrode material on mass transfer kinetics during electric
spark alloying of AL-9 alloy:
a) cathode weight gain A and anode erosion 4,;
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b) mass transfer coefficient K.
In the initial stage, at duration of (t < 1 min/cm?) of electric spark alloying,

the increase in the mass transfer coefficient (K) is due to the mass transfer of
electroerosion products in the absence of a secondary structure on the anode, when
the increase in cathode mass (Ay) is determined by the amount of eroded anode
material (A,).

The absence of a secondary structure is manifested by the coincidence of the
values of the mass transfer coefficient K in the range 0 <t < 1 min/cm? during
electric spark alloying with the same electrode of different surface materials being
strengthened (for electrode materials based on aluminum nitride AIN) of the AIN-
ZrB,-ZrSi, (CBSAN) system, the mass transfer coefficient K = 135% (Fig. 2.8, b).

In the second stage of the electric spark alloying process (1 <t <4 min/cm?),
the cathode weight gain decreases with increasing anode erosion. The reason for
this limitation of the cathode weight gain (Ax) is the internal stresses that
accumulate in the alloyed layer under the action of spark pulses [152, 153 and
158]. The limitation of cathode weight gain and the slowing of the rate of anode
erosion (Aa) due to the formation of a secondary structure at t > 1 min/cm? leads to
a decrease in the mass transfer coefficient K (Fig. 2.8, b; 2.9, b). The formation of
a secondary structure during the second stage of the electrospark alloying process
(4 >t > 1 min/cm?) is evidenced by a decrease in the erosion growth rate with
increasing alloying duration (t) and the influence of the reinforced surface material
on the erosion resistance of the AIN-ZrB,-ZrSi, (CBSAN) system during EIL of
substrates made of various materials in the range of alloying process duration t > 1
min/cm? (Fig. 2.8, a; 2.9, a), which is associated with the different composition of
the secondary structure on the anode.

In the third stage of the electrospark alloying process (t > 4 min/cm?), mass
transfer occurs in the presence of a secondary structure formed on the working
surface of the electrode, which essentially becomes the actual target of

electroerosion.
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As the duration of the electric spark alloying process increases, the number
of oxide phases in the coating increases. At the same time, zirconium dioxide
(ZrO) is prone to phase transformations, is more brittle compared to titanium
dioxide (TiO;), and is more easily removed from the surface under the
thermomechanical influence of repeated spark pulses. This is confirmed by micro-
and X-ray structural analysis data, according to which, at the eighth minute of the
electric spark alloying process, the Al/Zr (in relative units) in the cross-section of
the AIN-ZrB,-ZrSi, system C-B-S-AN coating ( = 42) is several times greater than
the Al/Ti ratio in the AIN-TiB,-TiSi, system T-B-S-AN coating (= 12).

For an electrospark alloying process duration t > 2 min/cm?, the cathode
weight gain Ak and, accordingly, the mass transfer coefficient K of the system
“CBSAN coating (AIN-ZrB,-ZrSi;) — AL9 substrate” decrease compared to the
cathode weight gain 4 and the mass transfer coefficient K of the “TBSAN coating
(AIN-TiB,-TiSi;) — AL9 substrate” system (Fig. 2.9).

2.5.3. Stages of alloyed layer formation

It is advisable to organize the electric spark alloying process
chronologically, grouping the factors that influence the formation of the alloyed
layer at different stages of the process [203, 209 and 214].

The three-stage mechanism of surface layer formation during electric spark
alloying of an aluminum alloy with ceramic electrodes is consistent with the
concepts [136, 153, 158], developed for the process of electric spark alloying of
steel substrates (surfaces to be hardened) with metal alloys and hard alloys of the
TK and VK grades [154].

In the first stage, electrical erosion of the anode material occurs under the
action of the plasma jet of the spark discharge. As is known [144, 151-153, 158],
the particle size distribution of the electrical erosion products includes a liquid-

vapor component alongside solid-phase particles.
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For electrode materials made of composite ceramics, characterized by
increased brittleness and high melting points of the components, the products of
electrical erosion should consist predominantly of solid-phase particles in the form
of fragments that weakly adhere to the cathode surface. One must also account for
the different temperatures of the solid eroded particles of the electrode’s composite
material due to their varying conductivity.

Dielectric components are not subjected to electron bombardment and are
heated on the anode’s working surface solely through contact with the conductive
phases. Therefore, the reactivity of the electrically conductive components must be
higher, and the solid-phase component of the electroerosion products of the
electrode is represented predominantly by particles of components with different
temperatures — a cold non-conductive phase and a hot electrically conductive
phase.

The second stage involves the passage of electroerosion products through
the interelectrode gap, accompanied by their interaction with oxygen and nitrogen
in the air under conditions of high-temperature oxidation. In this context, four main
mechanisms of particle interaction are distinguished [133, 134 and 158]:

- adsorption of gases on the particle surface; chemical interaction leading to
the formation of oxide and nitride films;

- dissolution of gases in the liquid phase of the particles;

- diffusion processes and mechanical “mixing” by convective flows of the
volume of particles resulting from surface interactions.

These mechanisms fully apply to the interaction of electroerosion products
with the spark discharge plasma under conditions of electric spark alloying.

A distinctive feature of the electric spark alloying process is the low particle
velocity in the spark discharge plasma (several km/s). This compensates for the
small interelectrode gap (= several um), so the duration of the interaction of
electroerosion products with the surrounding environment (air) in the spark
interelectrode gap is no shorter than in gas-thermal sputtering methods. For this

reason, the temperature of the particles in the spark discharge plasma and the effect
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of the surrounding environment and phase formation in the interelectrode gap on
the structure and properties of the spark-deposited coatings are expected to be
significant.

In the third stage of the electrospark alloying process, the leading role is
played by factors that determine the physicochemical interaction between the
materials of the alloying electrode and the substrate (the surface to be
strengthened) in the contact zone.

According to modern concepts [229], the formation of physical contact
between the heated particle and the substrate is based on wetting effects and
diffusive transport under conditions of plastic deformation with the formation of
dislocations, which act as centers for the formation of chemical bonds. These
concepts are applicable to the electrospark alloying process, in which, at the
moment of electrode contact, high pressure and temperature (close to critical
values) are simultaneously generated in a local region of the surface being
strengthened due to the high rate of energy input (= 103 J/s), which exceeds the rate
of heat removal [133, 134, 158]. As a result, a dislocation structure forms on one
side of the surface being strengthened by electric spark alloying, and a molten

microzone on the other.

2.5.4. The effect of wetting in the system “electrode material — surface to

be strengthened” on the mass transfer coefficient

The mass transfer coefficient is one of the most important technological
parameters of the electric spark alloying process, characterizing the process
efficiency and the strength of the adhesive bond.

The mass transfer coefficient is equal to the ratio of the cathode weight gain
(Ax) to the anode erosion (A,):
Km= Aw/As x 100% (2.2)
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In electrospraying, the most active physicochemical interaction occurs
between the products of electrode electroerosion and the material of the surface
being strengthened (the substrate), which takes place during the micro-spraying of
the melt onto the surface of the sample being strengthened. Therefore, along with
the extent of electrode erosion, the most important characteristic affecting mass
transfer kinetics is the wetting of the electrode material by the metal alloy of the
substrate.

The data in Table 2.3 indicate the absence of a direct correlation between the
contact wetting angle and the mass transfer coefficient in electrode—substrate metal
alloy systems.

In the electric spark alloying of the AL-9 alloy, the mass transfer coefficient
(K) when using the AIN-ZrB,-ZrSi,-based C-type electrode is three times higher
than that of the AIN-TiB,-TiSi,-based T-type electrode (Fig. 2.9, b), although the
contact wetting angles in these systems are similar and amount t, ~ 50-55° (Table
2.3).

Table 2.3

Effect of contact wetting angles on the mass transfer coefficient
during electric spark alloying

Contact wetting Mass transfer

System angle, 9, deg coefficient at

Electrode — metal alloy EIL, Kinax, %
CBSAN - 45 steel 0 (in 7 min) 35
CBSAN - AL9 alloy 55 (in 20 min) 60
TBSAN - AL9 alloy 50 (in 4 min) 20

CLAB-2 - AL9 alloy 35 (in 8 min) cathode mass
loss
CLAB-1 - AL9 alloy — 30
LaB6 - AL9 alloy 0 (in 3 min) 16
BeSi - AL9 alloy — 25
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The mass transfer coefficient of the “CBSAN coating (AIN-ZrB,-ZrSiy) — 45
steel substrate” system is almost half that of the “CBSAN coating (AIN-ZrB,-
ZrSi,) — L-9 substrate” system, although in the first case the contact wetting angle
iIs close to zero. Evidently, mass transfer during electric spark alloying is
influenced by the adhesive interaction between the electrode and substrate (the
surface being strengthened) materials. The microstructure (Fig. 2.10) and element
distribution in the contact interaction zone of the AIN-ZrB,-ZrSi, (CBSAN) and
AIN-TiB,-TiSi, (TBSAN) electrode systems with AL-9 alloy (Fig. 2.11) indicate a
significant difference in adhesive interaction in these systems, which accounts for

the difference in their mass transfer parameters.

Fig. 2.10. Microstructure of the contact interaction zone between
the AL9 alloy and the electrodes:

a, b) AIN-ZrB,-ZrSi, system (CBSAN) and c, d) AIN-TiB,-TiSi, system
(TBSAN);

a) Al-Si alloy on the droplet side (light-colored plates — silicon Si);

b) b, c) transition layer; d) starting material

55



For both composites, in the contact interaction zone at the “AL-9—ceramic”
interface, there is no diffusion of titanium (Ti) or zirconium (Zr) into the AL-9
alloy (Fig. 2.11).

The Si/Al ratio (in relative units) in this zone is high (close to unity), with
silicon (Si) segregating at the surface of the aluminum alloy (Fig. 2.11, a). The
result of enriching the AI-Si alloy with silicon is its increased microhardness,
which is 13.2 GPa; for comparison, the microhardness of the solid phase of the
AIN-ZrB,-ZrSi, (TBSAN) composite system is 32 = 1 GPa.
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Fig. 2.11. Micro-X-ray spectroscopy (MXRS) spectra in the contact
interaction zone of the systems “CBSAN coating (AIN-ZrB,-ZrSi;) — AL9
substrate” (a) and “TBSAN coating (AIN-TiB,-TiSiz) — AL9 substrate” (b)

The silicon content on the droplet side in the contact interaction zone

between the droplet and the AIN-TiB,-TiSi, (TBSAN) system is insignificant (Fig.
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2.11, b) and amounts to Si/Al = 0.19, which corresponds to its content in the initial
Al9 alloy. This is confirmed by the absence of a dendritic structure and the low
hardness of the Al-Si alloy in the contact zone, which is approximately 1 GPa. The
presence of boron spikes on the alloy side of the contact zone of both composites
indicates the formation of aluminum boride phases.

The more intense interaction of the AIN-ZrB,-ZrSi, (CBSAN) ceramic
system with the AL9 aluminum melt is manifested in its increased hardness due to
the enrichment of the AL9 aluminum alloy with silicon. This leads to the fact that
during the process of electric spark alloying with an AIN-ZrB,-ZrSi, (CBSAN)
electrode, despite its threefold lower electrical erosion compared to the AIN-TiB2-
TiSi2 (TBSAN) electrode, the cathode mass does not decrease at the initial stage (t
< 2 min/cm?) (Fig. 2.9, a). This ensures a significant increase in the mass transfer
coefficient (K) (Fig. 2.9, b) and a shift of the maximum mass transfer coefficient
(K) toward a longer duration of the electric spark alloying process using the AIN-
ZrB,-ZrSi, (ZBSAN) [135-137, 154, 155, 157 and 230.

The higher erosion resistance of the AIN-ZrB,—ZrSi, (ZBSAN) electrode
system compared to that of the AIN-TiB,—TiSi, (TBSAN) is due to the lower
brittleness of zirconium boride ZrB, compared to titanium boride TiB,, resulting
from the specific interaction mechanisms in titanium and zirconium diborides
[135-137, 154, 157, 230, 231].

As noted, spark alloying of aluminum and its alloys using compact
electrodes is accompanied by a reduction in the part’s mass due to its intense
erosion caused by aluminum’s low melting point [131, 135-139, 215].

From the analysis of the research results presented in Table 2.3, it can be
concluded that this negative effect can be reduced by using an AIN-Ti(Zr)B,
composite as the alloying electrode material, in which the main component—
aluminum nitride (AIN)—acts as a dielectric.

The dielectric products of electrical discharge (aluminum nitride AIN and

aluminum oxide Al,O3) located in the interelectrode gap shield the surface of the
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aluminum cathode from the effects of the spark discharge, reducing its erosion,
similar to what occurs during spark alloying of aluminum with powder mixtures
[26, 205, 206]. In this case, the mass transfer coefficient can range from 20 to 60%
(Table 2.3).

2.6. Composition and Structure of Electrospark Coatings

A distinctive feature of electrospark alloying is that the pulsed local impact
of spark discharges on the treated surface causes a dynamic distribution of
temperature fields in the surface layer. This leads to the simultaneous occurrence
of chemical processes and phase formation on the surface at different temperatures,
resulting in phase and structural heterogeneity of the electric spark coating.

The most active physicochemical interaction between the products of
electrode electroerosion and the base material occurs in the molten pool on the
treated surface. Therefore, the wetting of the electrode electroerosion products by
the base material plays a leading role in the formation of the electro-spark coating.

Components of the alloying electrode material with small contact wetting
angles 6 with the base material are entrained by convective flows of the molten
pool and modify the surface of the metal alloy, forming globules (“bumps”) on the
surface. The formation of globules is driven by alloying components with low
contact wetting angles 6, which are weakly drawn into the convective flows of the
melt, forming hemispherical globules of sintered composite material on the treated
surface.

Mass transfer of the base metal into the globule ensures the gradience of its
structure and the adhesive strength of the bond. Obviously, the smaller the
difference in wettability of the alloying components by the base metal, the lower
the probability of globule formation, and, accordingly, the lower the surface
roughness.

The idea of selectively incorporating electroerosion products into the molten

bath was proposed in [154] based on the results of a study of the electric spark
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alloying process of structural alloys: steels, titanium, and Ni-Cr alloys with
materials from the Al-Ti (Zr)-B-N system.

It was shown (Table 2.4) that the dielectric components of the electrode’s
electroerosion products (aluminum nitride AIN, aluminum oxide Al,03), which are
not wetted or are poorly wetted by iron and nickel (6 > 60°), predominantly enter
the composition of the globules, whereas titanium diboride, with a relatively low
contact wetting angle (6 < 40°), primarily modifies the surface of the base metal

alloy (the surface being strengthened).

Table 2.4
Contact wetting angles 0 of refractory metal compounds
Contact wetting angle 6
Compound Iron (Fe) Nickel-chromium alloy

(Ni-Cr)
AIN non-wetting 62"
AlO3 ~90 91
TiB; 39 24
ZrB; 72 _
TiNogs 98 —

*wetting with the AL5 alloy

This is clearly illustrated (Fig. 2.12) by the distribution of elements on the
surface of a nickel-chromium (Ni-Cr) alloy following its electric-spark alloying
with a boron nitride—titanium diboride (AIN-TiB,) system.

Aluminum-containing phases (aluminum nitride AIN, aluminum oxide
Al,O3) are found predominantly within the globules (Fig. 2.12, c), whereas
titanium diboride is mainly located in the interglobular space (Fig. 2.12, b),
modifying the nickel-chromium (Ni-Cr) base alloy (hardened surface).

The concept of forming electric-spark coatings on refractory metals,
developed in [142, 143, 154, 155], is based on the selectivity of wetting of
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electroerosion products by the base material and is, in principle, applicable to low-

melting-point metals, in particular aluminum and its alloys.

Fig. 2.12. Microstructure of an electric-spark coating on a nickel alloy in
secondary electrons (a) and in X-ray radiation: titanium Ti (b), aluminum Al (c),
nickel Ni (d), chromium Cr (e)

2.6.1. Globular coating

According to metallographic analysis, during the electrospark alloying of the
AL-9 aluminum alloy with the AIN-ZrB,-ZrSi, electrode material (CBSAN), a
layer with a modified composition and structure, < 10 um thick, is formed. On the
surface of this alloyed layer, hemispherical globules (in the form of “bumps”) with
a height of 80-100 um and a diameter of 500-600 um are formed (Fig. 2.13, a).
The area occupied by the globules is ~ 60—70%.

The microstructure of the globule surface and the interglobular space of the
“CBSAN coating—AL-9 substrate” system is shown in Fig. 2.13, b, c. In the
microphotograph of the globule surface (Fig. 2.13, b), light-colored elongated
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grains of oxide and aluminum oxynitride, as well as oval grains of aluminum
borate, are clearly visible.

The surface structure of the interglobular space (Fig. 2.13, c¢) contains
spherical aluminum particles formed as a result of the “spraying” of the aluminum
alloy under the action of a spark pulse and is characterized by grain refinement due
to crystallization processes from the melt.

The difference in the microstructure of the globule surface and the
interglobular space (Fig. 2.13, b, c) indicates that the globule is formed as a result
of liquid-phase sintering of the electroerosion products of the alloying electrode,
whereas the interglobular space is formed as a result of crystallization processes
from the molten aluminum alloy, accompanied by surface modification by alloying
components, leading to the formation of a composite material based on an

aluminum-containing matrix.

Fig. 2.13. Microstructure of the electrospark coating of the
“CBSAN (AIN-ZrB,-ZrSi;) - AL9 substrate” coating system: general view (a),
globule surface (b), interglobular space (c)

The results of X-ray phase analysis (XPA) of the “CBSAN coating — AL-9
substrate” system (Fig. 2.14) indicate phase formation during the high-temperature
oxidation of the electrode’s electroerosion products. At a process duration of
t = 2 min/cm2, the main components of the coating (in order of decreasing X-ray
line intensity) are: zirconium boride ZrB, (with a modified lattice period),
aluminum oxynitride Al;(NgO,, and aluminum borate Al;,B,03. Aluminum

nitride is not detected by X-ray diffraction due to partial oxidation. With an
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increase in treatment time to 8 min/cm?, the phase composition of the coating
remains virtually unchanged. The absence of aluminum oxide in the diffractograms
of the coatings may be associated with partial amorphization. The results of X-ray
phase analysis (XPA) are consistent with the spectra of micro-X-ray spectral
analysis (MXSA) of the coating surface of the “CBSAN coating — AL-9 substrate”
system.
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Fig. 2.14. Line diagram of the
“CBSAN electrospark coating — AL-9 substrate” system
(treatment duration: 2 min/cm?)

The distribution of elements at the globule boundaries and in the

interglobular space is shown in Fig. 2.15.
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Fig. 2.15. Distribution of elements on the surface of the electrospark coating
of the “CBSAN coating — AL-9 substrate” system in the globule region
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Concentration peaks of zinc (Zr), silicon (Si), and oxygen depressions in the
globule region indicate that it is enriched in zirconium diboride and zirconium
borosilicide. The enrichment of oxygen in the interglobular space points to an
increased content of aluminum phases of the Al-O-N-B system in that region.

The variation in microhardness across the globule thickness is shown in Fig.
2.16. The gradual decrease in H, toward the substrate promotes stress relaxation at
the “coating-substrate” interface and, consequently, an increase in the bond

strength between the globule and the substrate.

Fig. 2.16. Variation of microhardness Hyu across the thickness of a globule in
the “CBSAN electro-spark coating — AL-9 substrate” system

The high adhesive strength of the bond between aluminum oxide and
aluminum oxide, nitride, and oxynitride contributes to an increase in the number of
aluminum phases toward the substrate. The coincidence of the concentration
maxima of silicon (Si) and zirconium (Zr) indicates the presence of zirconium
borosilicates in the globule, including in the substrate near the globule-substrate
interface, which may be the cause of the increased microhardness at this interface
(Fig. 2.16).

This decrease in H, is due to the gradient distribution of aluminum across

the globule thickness resulting from its diffusion from the substrate (Fig. 2.17).
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Noteworthy is the concentration peak of oxygen at the interface with the substrate,
indicating the formation of a thin (= 11 um) boundary film of aluminum oxide

during the electric spark alloying process.
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Fig. 2.17. Distribution of elements in the cross-section of the “CBSAN
electrospark coating — AL-9 substrate” system

The difference in the structure of the alloyed layer for the “TBSAN coating
— AL-9 matrix” and “CBSAN coating — AL-9 matrix” systems is manifested in the

different globule heights and the surface area they occupy. This difference is
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related to the different wettability of the alloying components by the substrate

material—aluminum (Table 2.5).

Table 2.5

Effect of wetting selectivity on the structural characteristics of the “CBSAN
coating — AL-9 substrate” and “TBSAN coating — AL-9 substrate” systems
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The larger contact wetting angle of zirconium diboride ZrB, with aluminum

(60°) compared to the wetting angle of titanium diboride TiB, (8 = 38°) is the

reason why zirconium diboride ZrB, particles are less active compared to titanium

diboride TiB; particles. For this reason, zirconium diboride (ZrB;) particles are
drawn into the convective flows of the melt bath and retained on the surface,

forming globules of increased height with a heterophase material structure

enriched with zirconium diboride.
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Experiments have shown that globule formation (globule height and surface
area occupied by them) increases during electrospark alloying of the AL-25 alloy
with AIN-TIB,-TiSi; (TBSAN) material. This indicates that the contact wetting
angle of titanium diboride with the AL-25 alloy is higher than with the AL-9 alloy.
It is expected that the roughness of the modified surface will be lower the smaller
the difference in wettability of the base material by the alloying components. On
the other hand, reinforcing the modified surface of the aluminum alloy with
globules of a material of increased hardness should contribute to an increase in the
wear resistance of the coating.

Thus, during the electric spark alloying of the AL-9 alloy with electrode
materials based on aluminum nitride of the AIN-TiB,-TiSi, and AIN-ZrB,-ZrSi,
systems, a composite coating characterized by a globular structure is formed. The
basis of the coatings is a matrix containing the AI-N-O-B system, modified by
transition metal (Ti/Zr) boride and silicide, aluminum borates, in which titanium
(zirconium) borosilicates, oxide phases, and limited solid solutions of the
Ti(Zr)B,—Ti (Zn)Si..

The surface of the aluminum matrix is reinforced with globules of higher
hardness (~7 GPa) with an increased boride content and a gradient distribution of
phase components, which ensures high adhesion strength between the globules and
the matrix. The difference in the structure of the alloyed layer lies in the 4-5 times
greater height of the globules and the larger surface area they occupy in the
“Ti(Zr)B,—Ti(Zr)Si, coating—AL9 substrate” system compared to the “Ti(Zr)B,—
Ti(Zr)Si, coating—AL9 substrate” system (Table 2.5).

This difference is associated with the selectivity of aluminum wetting of the
alloying components, which determines the “capture” by convective flows of the
molten bath of components with a low contact angle of wetting by aluminum 6° <
40° (Al,0O3, AIN, ALON) by convective flows of the melt, and the growth on the
surface of globules with an increased content of components having a high wetting

angle 6° > 40° (zirconium boride ZrB, and titanium boride TiB,).
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This conclusion is confirmed by the experimentally observed globular
structure of the “coating (TiN + 50AIN) — AL9 substrate” system, which is
consistent with the high contact wetting angle (58°) of titanium nitride TiN 0.95 by

aluminum.

2.6.2. Discrete coating with high boron content

According to metallographic analysis, during the electric spark alloying of
the AL-9 alloy with boron silicide B6Si, a continuous coating is formed on the
surface without globule formation, with a thickness of up to 30 pm and a
microhardness of H, =10.8 + 0.5 GPa, which is an order of magnitude higher than
the microhardness H,, of the AL-9 metal.

The high coating continuity (> 90%) and the absence of globule formation
are due to the good wettability of the alloying components by aluminum and the
active interaction in the Al-B-O system, in which the formation of aluminum
borides and borates is possible due to the partial decomposition of boron silicide.
This is confirmed by X-ray phase analysis data, according to which the following
are present in the alloyed layer: Al, BgSi, CaBs, AlB,, AIBO; and AI3BOG6 (in
order of decreasing X-ray line intensity).

The appearance of new phases is caused by the oxidation of aluminum and
calcium-doped boron silicide, leading to the formation of calcium hexaboride and
aluminum diboride, which occur under non-equilibrium conditions of high-
temperature oxidation under the influence of spark pulses.

The distribution of elements along the depth of the coating (Fig. 2.18)
confirms the results of X-ray phase analysis, indicating a gradient distribution of
phases due to the diffusion of aluminum into the coating from the substrate. The
content of aluminum and oxygen gradually decreases toward the outer surface,
which should be accompanied by a decrease in the same direction of the

corresponding aluminum-containing phases—AIB,, AIBOs, Al;BOg.
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A concentration peak of oxygen at the interface with the substrate indicates
the formation of a thin (~7 um) film of aluminum oxide. At the same time, the
content of boron (B), calcium (Ca), and silicon (Si) decreases toward the substrate,
indicating a corresponding decrease in the amount of boron silicide and calcium
boride. Micro-X-ray diffraction (MXRD) spectra (Fig. 2.18) indicate the possible
presence of CaO-SiO, calcium silicates in the coating. Thus, during the electric
spark alloying of the AL-9 alloy with calcium-doped boron silicide BgSi, a gradient
coating is formed on a matrix containing high-purity aluminum without globule

formation.
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Fig. 2.18. Distribution of elements in the cross-section of the “BgSi electro-
spark coating — AL-9 substrate” system
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The coating is characterized by a gradual decrease in the concentration of
aluminum-containing phases toward the outer surface and its enrichment with BeSi
and CaBg phases. The inner layer of the coating, adjacent to the substrate, is
enriched with aluminum phases, with the formation of aluminum oxide at the
interface with the substrate (Fig. 2.18, a).

The gradient distribution of phases in the coating determines a gradual
decrease in microhardness toward the substrate (Fig. 2.19), associated with an
increase in the amount of aluminum in this direction. The microhardness of the

coating is nearly an order of magnitude greater than that of the substrate.
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Fig. 2.19. Change in microhardness with coating depth during electric spark
alloying of the AL9 alloy with boron silicide BgSi

On the surface of Al-Si alloys after electric spark alloying with high-boron
materials of the LaBgs-ZrB, system and boron silicide BgSi, a modified discrete
layer with higher dispersion than the matrix is formed, on the surface of which
globules (“bumps”) are practically absent.

The absence of globules in the structure of such high-boron-content coatings

is a result of intense chemical interaction between the aluminum matrix and boron,
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leading to the formation of aluminum borates and borides, and zero contact angles
of wetting of the aluminum cathode surface by the alloying components.

During the process of electric spark alloying of the AL-9 alloy with calcium-
doped boron silicide BgSi, a gradient coating is formed based on a matrix
containing high-purity aluminum without globule formation.

The absence of globules in the coating structure may be a consequence of
low contact wetting angles & ° and intense chemical interaction in the Al-B-O

system due to the B6Si alloying phase with a high boron content.

2.7. Physicochemical model of globular electrospark coating formation

A distinctive feature of electric-spark alloying of low-melting metals, as
noted, is their intense liquid-vapor erosion due to evaporation under the influence
of the spark discharge, which exceeds the mass gain due to the transport of
alloying components.

Based on the results of studies of the phase and elemental composition,
structure of the alloyed layer, interphase interaction, and mass transfer kinetics in
the systems “TBSAN coating — AL-9 substrate,” “CBSAN coating — AL-9
substrate,” “CLAB-1 coating — AL-25 substrate,” “TsLAB-2 coating — AL-9
substrate,” and “BgSi coating — AL-9 substrate,” a physicochemical model [23] for
the formation of electric-spark coatings on aluminum and its alloys was proposed,
which includes:

- selection of components for the alloying material;

- mass transfer processes;

- selectivity of wetting of alloying components by aluminum;

- phase transformations in the interelectrode gap and on the surface being
alloyed.

The model is schematically presented in Fig. 2.20.
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Fig. 2.20. Model of electrospark coating formation on aluminum alloys:
a — for components with a contact wetting angle << 40°;
b — for components with a contact wetting angle 8> 40°

During the electro-spark alloying process, the positive growth of the
aluminum cathode is ensured by the presence in the interelectrode gap of a
“screen” consisting of vapor and particles of non-conductive phases of electrode
electro-erosion products, which suppress the erosion of the cathode material by
redistributing the energy of the spark discharge in the interelectrode gap.

The creation of such a “screen” i1s achieved by using, as the material of the
alloying electrode, a composite ceramic containing, as the main phase (> 50 wt. %)
a dielectric component (aluminum nitride AIN) or a conductive phase (LaBg, BgSi),
which has reduced resistance to high-temperature corrosion and oxidizes in the
spark discharge plasma to form non-conductive phases (B20s).

Components with high wettability (& << 40°) by aluminum (aluminum
nitride AIN and aluminum oxide Al,O3), which are intensively drawn into the
convective flows of the melt, are responsible for the formation of the matrix

structure of a modified layer of increased dispersion based on an Al-N-O-B
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aluminum alloy system with a thickness of < 10 um. The interaction of electrode
electroerosion product particles with the cathode surface in the melt
microenvironment is determined by their wettability by the aluminum alloy and
adhesive interaction and is presented in Table 2.3.

Components with low wettability by aluminum (zirconium boride ZrB, and
titanium boride TiB;), characterized by a contact angle & > 40°, are weakly
entrained by convective melt flows, forming hemispherical globules of composite
material with a height of 40-100 pum and a diameter of up to 60 um on the
modified surface of the aluminum alloy. The globule structure exhibits a
compositional gradient due to mass transfer of aluminum from the substrate, which
results in a gradual decrease in the microhardness of the coating toward the
substrate.

The formation of globules on the modified surface of the “CBSAN coating—
AL9 substrate” and “TBSAN coating—AL9 substrate” systems is also facilitated by
the increased reactivity of hot boride phase particles compared to non-conductive
cold aluminum nitride and oxide particles. Globule growth during the electrospark
alloying of aluminum alloys is responsible for the intense increase in cathode mass
and explains the threefold higher mass transfer coefficient K for the “CBSAN
coating—AL9 substrate” system compared to the “TBSAN coating—AL9 substrate”
system (Table 2.3). In general, during the electrospark alloying of aluminum
alloys, the three-stage mass transfer kinetics typical of the EIL process is preserved
(Fig. 2.8).

In cases where a single-phase electrode material with a low wetting angle
(6°) and a high boron content (BeSi, LaBg)—responsible for intensive phase
formation in the Al-B-O system—is used, a coating of high continuity (> 90%) is
formed, with a thickness of ~ 25 pum and tight adhesion to the substrate, on the
surface of which globules are absent (low roughness).

Traditionally, in various coating deposition methods, efforts are made to

optimize process conditions in a way that preserves the composition and structure
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of the deposited materials, which contain carbides, borides, and other metal-like
compounds; this is particularly important for the chromium-cobalt carbide (WC-
Co) system and amorphizing alloys [229].

During high-temperature deposition of composite ceramics of the studied
compositions in an oxygen-containing environment, intense interaction occurs
between the components of the electroerosion products—both with each other and
with the substrate material—under oxidizing conditions, accompanied by the
formation of new oxide phases.

This enables a predictable change in the coating composition by selecting
the components of the deposited material, taking into account the formation of new
oxide phases, which are high-temperature corrosion-resistant compounds and can
act as a solid lubricant under dry sliding friction conditions. These include
mullites, B-thialite, aluminates, and iron titanates [232]. Regarding B-thialite, this is
confirmed by model experiments studying the tribological behavior of pre-oxidized
ceramics of the titanium nitride-aluminum nitride (TiN-AIN) system [233].

Thus, electric spark alloying is a structure-forming technology controlled by

the selection of alloying electrode material components.

2.8. Tribotechnical properties of ceramic electric spark coatings

Currently, researchers are focusing on the development of composite
coatings in which variations in structural effects and the selection of phase
components allow coatings to be designed in such a way as to combine properties
that ensure optimal operating conditions for tribocontact.

The presence of contact loads in friction joints, where significant elastic
deformation and even plastic deformation of the substrate is possible, necessitates
ensuring the elasticity of the coating material. The requirement to combine high
hardness and elastic properties of the coating material has led to the use of finely
dispersed heterophase gradient or multilayer structures with alternating hard and

soft components [234].
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The most important aspect of the problem of wear-resistant coatings lies in
the selection of phase components. They must ensure the formation of self-healing
secondary structures in the contact zone during tribooxidation, in the form of thin,
nanodispersed polyoxide tribofilms that prevent adhesive interaction between
friction surfaces, have a low coefficient of friction, a strong adhesive bond with the
coating surface to prevent their removal from the working zone [235, 236],
increased resistance to high-temperature oxidation, and act as a solid lubricant
under dry friction conditions [233].

It is known [237] that during the friction process, the surface layer, due to
plastic deformation, transitions into a thermodynamically non-equilibrium active
state, from which it tends to transition into a passive state through diffusion and
chemical interaction with the surrounding environment. As a result of this
interaction, heterophase polyoxide structures are formed, which shield the coating
material.

About 90% of the work involved in the plastic deformation of the material is
converted into heat, which leads to a local increase in temperature (according to
theoretical estimates, up to 1000°C [238]), ensuring the thermal activation of
chemical processes and phase transformations. In addition, the process of
tribological surface damage is accompanied by triboemission, defined as the
emission of electrons, photons, negative and positive ions, phonons, X-rays, and
gases, which also initiates chemical reactions [237] that, under friction conditions,
can occur at temperatures below equilibrium.

Composite materials based on ZrB,, LaBes, and AIN-(Zr/Ti) B, systems
(Table 2.6), used as alloying electrodes, ensure the formation of a matrix structure
of a heterophase coating material based on an aluminum alloy modified with
refractory compounds. It should be noted that under non-equilibrium conditions,
the process of electric-spark alloying with the studied materials and tribo-oxidation
may lead to the formation of oxide solid solutions based on mullite, -thialite

[238], and zirconium oxide ZrO, [239]. The presence of solid solutions in the
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composition of tribofilms in the tribocontact zone is particularly important, as they
increase the system’s ability to self-organize dissipative structures and,
consequently, enhance the continuity of the secondary polyoxide film, thereby
improving its lubricating properties.

Table 2.6

Phase composition and preparation methods of electrode
materials used for applying electrospark coatings

Phase composition
according to XRF
data

TBSAN AIN, TiBy, TiSi; 1780...1820 25...35
CBSAN | AIN, ZrB,, ZrSi; 1820...1860 25...45
CLAB-1 LaBs, ZrB;, Ni 1550...1600 25...35
CLAB-2 | ZrB,, LaBs, ZrSi, 1820...1860 25...35

Electrode
material

Hot pressing Sintering
temperature, °C | time, min

The oxide phases, which also form in the scale on the oxidized surface of the
electrode material, act as a solid lubricant under dry friction conditions and are
responsible for the high tribological properties of coatings and electrode materials,
especially under elevated load and speed conditions. It should be noted that, when
paired with a steel counter face, tribofilms typically contain a phase of iron oxide
FesO,4 [240], which acts as a solid lubricant under dry friction conditions [232].
The results of tribological tests presented in the following sections confirm these
findings.

Thermodynamic calculations and studies of the sintering process in an air
atmosphere of a boron-containing composition have shown [241] that upon
heating, boron actively reacts with oxygen and, in the form of boron oxide,
migrates to the surface, forming a B,Os-based tribofilms during friction. Due to its
low melting point (450470 °C), boron oxide melts under friction conditions and
acts as a liquid lubricant up to a temperature of 650 °C, which leads to a significant
reduction in friction and wear. On this basis, high tribotechnical characteristics are

expected for coatings made of materials with high boron content.
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Table 2.7 presents the wear rates of electric spark coatings on AL25
aluminum alloy for LaBs-ZrB; electrode materials depending on the duration (t) of
the alloying process and the electric spark treatment scheme, as well as on the
composition of the electrode material. The wear rate was determined using the
“shaft-insert” scheme on the SMT-2 setup in the “New Technologies” educational
and research laboratory of the Department of Applied Mechanics and Materials
Engineering based on the change in sample weight according to the formula:

_ (m-m)/me /]
S/em? /- l/ km/

(2.3)

where | - is the distance traveled; | =V x t =2 m/s x 3600 s = 7.2 km;
V —sliding friction velocity, t — running time; S — contact area;
mo — weight of the initial sample,

m; — weight of the sample after tribological testing.

Table 2.7

Wear rate (1) of electric spark coatings of the LaBs-ZrB: system on AL25
aluminum alloy depending on processing conditions
(V=2 m/s; P=3 MPa; counterbody — 65G steel)

Material of | Processing | Duration of I, 104+0,5-104, |Relative wear
the electrode | scheme | EIL, t, min/cm? mg/km Ibase/ | coating
mER | - | s | -
TsLAB-1 EIL 2 1,1 2,27
TsLAB-1 EIL 6 0,85 2,94
TsLAB-2 EIL 2 1,4 1,79
TsLAB-2 EIL+LO 2 0,95 2,63
TsLAB-2 EIL 6 0,95 2,63

The data in Table 2.7 show that the wear rate (I) of the coated AL-25

aluminum alloy decreases by a factor of 2—3 compared to the uncoated sample.
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This reduction in wear intensity (I) is facilitated by both an increase in the
duration of electric spark alloying (t) and subsequent laser treatment. It can be
assumed that the reason for the reduction in wear in both cases is an increase in the
number of oxide phases in the coating (with an increase in the duration t of electric
spark alloying and during the laser treatment process), which participate in the
formation of secondary films that self-heal in the tribocontact zone. In the case of
LaBs-ZrB; alloying materials, such phases may include aluminum oxide (Al,Oz),
boron oxide (B,0s3), zirconium oxide (ZrO,), and aluminum borates.

These phases form in the coating during electric spark alloying with
electrode materials TsLAB-1 (phase composition LaBg, ZrB,, Ni) and TsLAB-2
(phase composition ZrB,, LaBg, ZrSi;), which explains the similarity in wear
values for the “TsLAB-1 coating — AL25 substrate” and “TsLAB-2 coating —
AL2S5 substrate” systems.

The tribotechnical characteristics of the “BgSi electrospark coating — AL25
substrate” system were obtained using the ‘“‘shaft-insert” configuration on the
SMT-2 setup in the “New Technologies” educational and research laboratory of
the Department of Applied Mechanics and Materials Engineering at the National
Aviation University.

The coating’s coefficient of friction p decreases sharply to 0.16 (Fig. 2.21, b)
as the sliding speed V increases in the range of 1-7 m/s, indicating the formation
of a tribofilms in the contact zone during tribooxidation. At the same time, the
wear rate of the coating does not exceed 7.5-10 um/km in the same range of
sliding speeds V (Fig. 2.21, a).

The most likely main phase of the tribofilms is boron oxide, which melts at a
temperature of 450°C and can act as an effective lubricant during the friction
process. However, the active evaporation of boron oxide B,0O; at a temperature of
900°C leads to the destruction of the protective film at relatively low sliding
speeds. This manifests as an increase in wear rate at a sliding speed V of 6 m/s
(Fig. 2.21, a). During sliding friction of the “BeSi coating — AL-25 substrate”
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system against a 65G steel counter face, a thin film forms on the counter face

surface due to reverse transfer of coating material.
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Fig. 2.21. Dependence of wear rate I and coefficient of friction p on sliding
speed V for the “B6Si electro-spark coating — AL25 substrate” system

The high lubricating properties of the layer formed on the counter-body
surface are evident during friction of the uncoated AL-25 aluminum alloy against a
65G steel counter-body, on the surface of which such a film is preserved. In this
case, the uncoated AL-25 aluminum alloy exhibits fairly high wear resistance
(~10-15 um/km), whereas in the absence of a film on the counterbody material,
the aluminum alloy wears intensively under the same friction conditions.

Tribotechnical tests were also conducted on the “BgSi electro-spark coating
— AL-9 substrate” system in comparison with the uncoated bronze alloy under dry

friction and friction in a kerosene medium. Wear intensity was determined using a
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2070 SMT-1 machine in the “New Technologies” educational and research
laboratory of the Department of Applied Mechanics and Materials Engineering at
the National Aviation University, based on linear wear under a load of P = 10 MPa
and a linear speed of V = 0.3 m/s. The test results showed that the wear rate of
electrospark coatings on AL-9 aluminum alloy, both under dry friction and in a
kerosene environment, is half that of an uncoated bronze alloy, which once again
confirms the effectiveness of using electrospark coatings with a high boron
content.

According to data from X-ray phase analysis (XPA) and micro-X-ray
structural analysis (MXSA), the studied coatings contain oxide phases that form
during the formation of the alloyed layer:

- for the CBSAN system (AIN-ZrB,-ZrSi,) coating—aluminum oxide
(Al,03), silicon dioxide (SiO,), zirconium dioxide (ZrO;), aluminum oxynitride
and borates, as well as mullites;

- for the TBSAN coating system (AIN-TiB,-TiSi,) — oxides of aluminum
(Al,03), silicon (SiOy), and titanium (TiO,), aluminum oxynitride and borates, as
well as thialite and mullites.

It is assumed that these phases may be present in the composition of
tribofilms (in the tribocontact zone), the formation of which is intensified under
non-equilibrium tribooxidation conditions and should be accompanied by a
reduction in friction and wear with an increase in load and speed parameters under
dry friction conditions. The experimental results obtained confirm these
assumptions.

As follows from the dependencies of the wear rate of the coatings on the
sliding speed | = f(V)P=const and the load | = f(P)V=const (Fig. 2.22, a, c), at the
initial stage of friction, with an increase in load -velocity parameters, the wear rate
| decreases to a certain stable value of 4—-6 um/km for the AIN-ZrB,-ZrSi, CBSAN
coating and to 7—11 um/km for the AIN-TiB,-TiSi, TBSAN coating, respectively.
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This indicates the formation of protective tribofilms on the coating surface during
the friction process.

With increasing load-speed parameters (sliding speed V > 0.6 m/s and load P
> 2 MPa), the wear of the AIN-TiB,-TiSi; TBSAN coating increases, whereas for
the AIN-ZrB,-ZrSi, system, the wear intensity | remains consistently low over a
wider range of sliding speeds and loads (Fig. 2.22, a, ¢). This may be the result of
thermal protection of the aluminum alloy by zirconium dioxide, which forms as
part of the secondary film during the tribooxidation process. Additionally, more
pronounced globule formation in the structure of the “AIN-TiB,-TiSi, coating—AL-
9 substrate” system may have a positive effect on wear intensity. The multilevel
heterogeneity of the microstructure of globular electrospark coatings causes a
reduction in the effective tribocontact area, which contributes to a significant (up to
103 MPa [241]) increase in pressure and temperature in the friction zone (up to
1000°C and higher) and intensifies the formation of tribofilms.

Fig. 2.22, a and fig. 2.22,b show, for comparison, the dependencies of wear
rate | = f (V)p=const and friction coefficient u (V)p=const ON sliding speed for alloying
electrodes. The wear rate of the “CBSAN coating—AL-9 substrate” system
approaches that of the CBSAN ceramic of the AIN-ZrB,—ZrSi, system at sliding
speeds V > 1 m/s, which may indicate the formation of a secondary polyoxide film
of similar composition on the surface of both the coating and the electrode during
the tribooxidation process.

For comparison, Fig. 2.22, a shows the dependence of wear intensity
I = (V)p = const for the “CLAB-1 coating — AL9 substrate” system. The similarity of
the wear intensity I at sliding speeds > 0.6 m/s for the “CLAB-1 coating - AL9
substrate” and “CBSAN coating — AL9 substrate,” both of which contain
zirconium dioxide ZrO,, confirms the possible thermal protection effect of
zirconium dioxide on the aluminum alloy. At the same time, the lower wear values

of the “TsLAB-1 coating — AL9 substrate” system in the region of low sliding
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speeds (V < 0.6 m/s) may indicate a positive effect on wear resistance of the liquid

phase of boron oxide B,Os.
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Fig. 2.22. Tribological characteristics of electric-spark coatings and
aluminum nitride-based electrodes

The experimentally observed decrease in wear rate | and the coefficient of

friction p with an increase in load and speed parameters (Figs. 2.21, 2.22) indicates
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the formation, during sliding friction in air, of a polyoxide tribofilms on the
working surface, which acts as a solid lubricant under “dry” friction conditions.
According to micro-X-ray spectral analysis (MXRA) data, its composition
includes oxides of aluminum, zirconium, and titanium, mullite, and other
composites as promising electrode materials for producing protective coatings on

aluminum alloys with adjustable granularity that exhibit high wear resistance.

2.9. Physicochemical criteria for selecting structural components of

electrospark coatings

The material of functional high-temperature protective coatings must, as a
rule, provide a complex of properties—wear, corrosion, and erosion resistance,
resistance to cyclic loads, coating adhesion strength to the substrate, cohesive
strength, and others. Therefore, the requirements for coating materials can only be
met by using composite materials (CM) through the selection of the composite’s
structural components and the coating design method.

These requirements boil down to the following:

1. The composite material (CM) must: have high hardness and strength
to withstand mechanical loads; be sufficiently elastic to ensure the coating’s
compatibility with the substrate to prevent delamination under impact loads.

This contradiction can be resolved in two ways:

a) by creating a matrix structure of the coating with alternating soft and hard
components (a hard ceramic matrix combined with soft metallic inclusions or a
soft matrix with hard inclusions);

b) by creating a layered coating structure (‘“sandwich’) with alternating
soft and hard layers. In the case of electric spark coatings, the alloying electrode
material may not include a metallic component. This is due to the nature of electric
spark coatings, which are discrete (non-continuous) by their nature (continuity
ranges from 80-90% for tungsten carbide—cobalt (WC-Co) alloys to 40-60% for

tungsten-free ones).
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These discontinuities, in the form of patches of base metal alloy modified by
alloying components, act as “drainage channels” for residual stresses, limiting the
maximum stress level both in the coating itself and in the adhesive interface.
Professor B.A. Lyashenko at the G.S. Pysarenko Institute of Strength Problems
created controlled discontinuities in the coatings, the size and configuration of
which are determined based on the condition of minimizing the stress-strain state
under mechanical and thermal influences on the coating [242—-251].

2. The composite material (CM) must include structural components that
ensure the formation of a tribofilms on the contact surface during tribo-oxidation,
which acts as an effective solid lubricant. Such a polyoxide nanoscale tribofilm is
formed through phase formation and oxidation of the components comprising the
friction surfaces. It is the properties of this film (composition, sintering rate,
continuity, and adhesion strength to the substrate) that determine the overall
service life of the friction assembly. This allows the composition of the tribofilm in
the tribocontact zone to be controlled by varying the coating composition, thereby
predicting its service life. Electrospark and gas-thermal coating methods are phase-
and structure-forming technologies, since the coating process is carried out at high
temperatures in the presence of oxygen/nitrogen. Analysis of literature data and the
results of our research show that effective tribofilms are glassy phases, as well as
spinel-type oxide systems. Therefore, it is necessary to ensure the presence in the
composition of the composite coating of components that would promote the
formation of glassy phases, for example, in the form of aluminosilicates (including
mullites) and borosilicates (based on boron oxides modified with zirconium and
silicon oxides), as well as chromite’s and aluminates of iron, nickel, and titanium.
Such tribofilms, acting as high-temperature solid lubricants, contribute to the long-
term operation of the friction unit.

3. The selection of structural components for a composite coating (CC) must
ensure adhesive strength at the “ceramic-metal binder” and “coating-substrate”
interfaces, which is controlled by wetting processes. Adhesive contact is facilitated

by the formation of limited solid solutions between the components at the phase
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boundary. Thus, the existence of a solid solution of zirconium and titanium borides
(Zr, Ti)B, suggests that coatings containing zirconium boride ZrB, will exhibit
enhanced adhesion strength to titanium and hard alloys of the TK grade, which
contain titanium carbide. The result of a strong adhesive bond at the phase
boundary is intense bidirectional mass transfer of alloying components and
matrix/bonding elements, which occurs during the deposition of the composite
material (CM). The diffusive, “blurred” nature of element distribution at the
“coating-matrix” interface causes a gradient decrease in hardness from the coating
into the depth of the matrix (workpiece). Otherwise, microcracks form, the
subsequent growth of which leads to delamination and wear.

4. The structural components of the coating must have a similar coefficient
of thermal expansion (CTE) or form limited solid solutions to avoid cracking
caused by stress due to compressive-tensile effects at the phase boundary. Cracks
in electrospark coatings arise as a result of the relaxation of residual stresses that
accumulate in the alloyed layer under the influence of pulsed thermomechanical
loads from the spark discharge. In this case, the number of cracks can be
minimized or even prevented by selecting the optimal processing time topt. The
value of the optimal processing time topt is determined from the Kkinetic
dependencies of the electromass transfer parameters and is characterized by a
decrease in the rate of cathode mass gain when the processing time exceeds the
optimal value t > topima topt due to mass loss resulting from its brittle fracture.

5. The crack resistance of the cathode material must be higher than
the crack resistance of the alloying electrode material to ensure a high electromass
transfer coefficient (> 60%) of the anode material to the cathode, which is defined
as the ratio of the cathode mass gain to the anode erosion during the processing
time t. The proposed criteria are generally valid for gas-thermal coatings. For
aluminum alloys, the following additional criteria must be considered:

- the electrode material must contain, in an amount of > 50 wt.%, a dielectric

component (aluminum nitride AIN) or a conductive phase (LaB¢, BgSi), which
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would form non-conductive compounds (aluminum nitride AIN, aluminum oxide
Al,O3, and boron oxide B,03) in the interelectrode gap during the high-
temperature oxidation of electroerosion products;

- in the case of a composite based on a dielectric component, the phase
constituents must ensure electrical conductivity in the anode—interelectrode gap—
cathode system;

— the electrode material must chemically interact with the aluminum alloy to
ensure adhesive bonding between the coating material and the substrate and,
accordingly, to increase the mass transfer coefficient;

— the oxidation products of the electrode material must be high-temperature
corrosion-resistant compounds (B-thialite, mullites, solid solutions based on them,
and others) that act as a solid lubricant underdry sliding friction conditions;

— to create a structurally heterogeneous globular coating, selective wetting of
the main components of the alloying electrode with an aluminum alloy is required,
while for a structurally homogeneous coating, there must be no selectivity in the
wetting of the alloying components;

- the electrode material must have high hardness and wear resistance to

ensure a high level of performance properties of the electric spark coating.

2.10. Strengthening of piston parts of internal combustion engines of

vehicles

Aluminum alloys are most widely used in the manufacture of components
for various friction assemblies in the automotive and aerospace industries:
pistons for internal combustion engines, compressor pistons, cylinder blocks,
crankshaft main bearing housings, electric motor shafts, sliding bearings for
hydraulic pumps (131, 244250, 251, , 252-302), gear pump housings (Fig. 2.23,
Fig. 2.24).

The entire aircraft control system is a complex hydraulic system that

includes various gears and piston pumps. In this regard, it is necessary to improve
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the wear resistance of aluminum components in friction assemblies, the most
common of which are the plain bearings of pumps, gears, and pistons in internal
combustion engines. The most vulnerable areas of the sliding bearings in gear
pumps (Fig. 2.24) are the inner surface of the bores, which is worn by the steel
shaft, and the surface worn by the gears, which is the side wall of the pump

housing.
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Fig. 2.23. Plain bearings

Fig. 2.24. Plain bearing of the NSh10 gear pump

As for the piston of an internal combustion engine, the following areas
require reinforcement: 1) the piston crown, which is subjected to thermal stress
due to fuel combustion in the combustion chamber (Fig. 2.25, item 1); 2) the
piston skirt (Fig. 2.25, item 4); 3) the ring seats (Fig. 2.25, item 2); 4) the friction
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zone between the piston and the pin securing it to the connecting rod (provided that
the pin is rigidly fixed to the connecting rod) (Fig. 2.25, item 3).

During tribological tests of the plain bearings of the NSh-10 hydraulic
machine gears, whose working surfaces were hardened by the electric spark
alloying method using an AIN-TiB,-TiSi, electrode material system, it was
established at Vinnytsia Tractor Aggregates Plant JSC that the sliding friction
coefficients using 1-20 oil correspond to those of the anti-friction alloy, and wear
resistance increased by 1.5 to 2.5 times. Improving the wear resistance of
aluminum alloys through a simple and effective method of electric spark alloying
makes them competitive with expensive anti-friction alloys and yields significant

economic benefits.

Fig. 2.25. Piston of an internal combustion engine

Conclusions on Chapter 2

In the process of electrospark alloying of alloys, a composite coating system
is formed based on an aluminum matrix reinforced with refractory components.

The coatings are characterized by a gradient distribution of phase
components across their thickness. The microhardness of the coatings is H, ~4-10
GPa. The phase composition of the coatings does not change with increasing

treatment time.
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Taking into account the selectivity of wetting of the electroerosion products
by the base material, the factors influencing coating formation have been grouped
into three main stages of the electric spark alloying process: anode electroerosion,
physicochemical interaction of erosion products in the interelectrode gap, and in
the contact zone.

A physicochemical model of electrospark doping with a compact electrode is
proposed, which is based on the selection of structural components of the electrode

material.
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CHAPTER 3

ELECTROSPARK COATINGS WITH A DISCRETE STRUCTURE AND
THEIR OPTIMIZATION

The electrospark alloying (ESA) process is discrete in nature [131, 133, 158,
245]. When applying a coating with a discrete structure, the electrospark alloying
method offers a number of advantages [242-245, 247-251]:

- the electrical discharge ensures the dimensional stability and properties of
individual discrete coating areas;

- by changing the parameters of each individual discharge, discrete areas of
various sizes and thicknesses can be deposited. This enables the application of a
differential coating (a coating of variable thickness);

- by changing the pulse frequency or the relative movement speed of the
electrode and the workpiece, the number of discrete areas on the workpiece’s
surface, as well as the continuity of the coating, can be adjusted,;

- compact and portable equipment, low power consumption;

- the ability to perform a “dry” and “cold” process (without heating the
entire workpiece through);

- no need for additional heat treatment;

- the ability to repair workpieces on-site, without disassembling them.

Differential discrete coatings were applied using the electric spark alloying
method with the Elitron-22 series of industrial equipment (Fig. 2.1). To restore part
surfaces “according to the wear profile” using the electric spark alloying method,
electrode materials of the Fe-Ni-Mn-Cu-Al-Si system were used. These materials
allow for the application of coatings up to 1 mm thick in a single pass.

The developed technologies and principles for modeling the architecture of
discrete-structure electrospark coatings make it possible to select the optimal

design for a discrete surface, as well as to choose application modes and coating
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materials, taking into account the specific conditions of the friction pair [242, 247,
250, 251 and 258].

The primary goal of discrete-structure electrospark coatings is to ensure a
minimal stress-strain state (SSS) of the coating under operational loads. This
objective can be achieved by selecting the geometric parameters of the discrete
coatings that will minimize stress concentration both in the coating layer and in the
plane of adhesive contact. The parameters of discrete coatings are determined
based on the stress-strain state (SSS) of the “substrate-coating” composite [235,
238, 240, 241 and 308].

The discrete structure of the electrospark coating allows for a significant
increase in its limit state: contact loads—several times over, critical tensile
deformations of the substrate—up to two orders of magnitude, and durability—
several times greater compared to a continuous coating of the same thickness,
composition, and hardness.

The work of researchers at the G.S. Pysarenko Institute for Problems of
Strength of the National Academy of Sciences of Ukraine [242-251, 308-310]
should be considered the starting point for publications on the creation of coatings
with a stress-strain state (SSS)-controlled discrete structure. Subsequently,
scientists at the G.S. Pysarenko Institute for Problems of Strength of the National
Academy of Sciences of Ukraine further developed this work in collaboration with
scientists from the German Aerospace Center (Cologne) [249], the V.N. Bakul
Institute for Superhard Materials of the National Academy of Sciences of Ukraine
[311], the National Aviation University (Kyiv) [312], and the Zaporizhzhia
Automobile Plant [313, 314].

Publications on reinforcing protective coatings (RPCs) with a discrete
structure (“Spot-textured coatings”) have appeared in distant foreign countries
[315, 316]. Thus, the field of developing spot-textured coatings has taken on a
global character.

It should be noted that the leading role in the development of spot-textured

coatings belongs to the G.S. Pysarenko Institute for Problems of Strength of the
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National Academy of Sciences of Ukraine (IPS). The theoretical, technological,
and practical foundations of discrete coatings are outlined in a series of master’s
and doctoral theses supervised by Professor B.A. Lyashenko [245, 250, 251, 308-
310]. These works are distinguished by a systematic approach. An analysis of the
principles of the methodology for the design, development, and application of
discrete coatings shows that success in this area requires solutions to the following
problems:

* determining the geometric parameters of a discrete structure based on the
conditions for minimizing residual and in-service stresses;

* determining the optimal process parameters for applying discrete coatings.

This section is devoted to addressing these issues.

3.1. Evaluation of the stress-strain state of reinforcing protective

electrospun coatings with a discrete structure

Calculating the stress-strain state (SSS) and minimizing its level by selecting
the geometric parameters of the discrete structure is the primary goal in enhancing
the load-bearing capacity of electrospun coatings. Optimizing the discrete structure
to minimize the stress-strain state reduces the scope of experimental research and
allows for achieving maximum levels of strength and durability in electrospun
coatings.

When analyzing the stress-strain state using numerical methods [245, 250,
251, 308-312, 316-318] for continuous and discrete coatings, a reduction in the
stress-strain state and, in particular, in tensile stresses o+ under contact loads was
observed specifically for the discrete structure.

Fig. 3.1 shows the stress-strain diagrams for a traditional continuous coating
(@) and a discrete (quasi-continuous) coating (b). In both cases, the coating
thicknesses are equal to h.

The quasi-continuous layer is modeled by making virtual cuts in the coating

at a uniform pitch of 2h. A Hertzian contact load P is applied over a 2h section,
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which is equal to the size of a single discrete

section along the X-axis. Cross-

section 1 is located parallel to the surface of the “substrate—coating” adhesive bond

near the outer surface of the coating. Cross-section 2 is located near the surface of

the adhesive bond.
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Fig. 3.1. Calculation diagram and stress distribution o, under contact load P:

a — continuous coating; b — quasi-continuous

Let us compare the stresses oy for variants

“a” and “b,” as well as for cross-

sections 1 and 2 in both cases. The calculation results show that the magnitude of

tensile stresses in the critical cross-section is reduced by more than three times, and

their maximum value is no more than 5% of the maximum compressive stresses. In

the discrete coating near the plane of adhesive contact (cross-section 2), the

stresses change sign and transition from tensile stresses to compressive stresses. At
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the same time, their magnitude does not exceed 25% of the maximum compressive
stresses.

Simulation results show that under contact loads, the discrete structure
significantly reduces the stress on the coating. The most significant effect of the
discrete structure is a substantial reduction in tensile stresses. This reduces the
brittleness of superhard, high-modulus coatings. The Pisarenko-Lebedev strength
criterion uses the ratio of the tensile and compressive strength limits of materials as
a measure of brittleness [319].

Figure 3.2 shows the calculated values of the ratio of maximum tensile stress
to maximum compressive stress on the y-axis. Curve 1 represents a continuous

coating, and Curve 2 represents a discrete coating.
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Fig. 3.2. Dependence of the ratio on the modulus of elasticity ratio
Ecover / Epase fOr continuous (1) and discrete (2) coatings

These curves correspond to calculation schemes “a” and “b” in Fig. 3.1 for
equal contact loads. The x-axis shows the ratio of the elastic moduli of the coating

Ecover and the substrate Epse, Which models the application of superhard, high-
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modulus coatings on hard alloys, steels, Ti alloys, and Al alloys. On the right side
of the y-axis is the ratio of the tensile strength to the compressive strength  for a
range of ceramic materials used as coatings [320]. The value y = 0.07 for zirconia
ZrO, lies almost entirely below curve 1. This means that in a solid zirconia (ZrO)
coating, where the ratio of the coating’s elastic modulus E to the substrate’s elastic
modulus Ecoveo (Ecovep/Enaso) €xceeds 0.8 under contact loading according to the
selected scheme, tensile stresses reaching critical values will arise.

A discrete coating (curve 2) ensures functionality in this zone. This is
consistent with accumulated experience in the use of superhard and brittle coatings
on various structural materials.

Fig. 3.1, b shows an idealized calculation scheme in which the distance
between adjacent discrete sections is zero. The calculation of the stress distribution
for a discrete structure requires consideration of such geometric parameters of the
coatings as the distance between discrete sections, the dimensions and shape of the
sections in plan view, the thickness (or depth) of the coating, and the shape of the
section edges. It is by varying these parameters that the stress-strain state is

controlled and minimized under given external loads.

3.2 Wear-Resistant Discrete Coatings

Aluminum alloys are widely used in mechanical engineering, but the
challenge of increasing their hardness and wear resistance remains a pressing issue.
To this end, virtually all traditional methods of applying hardening protective
coatings (HPC) are used. In engine manufacturing, the most common and high-
wear components are the piston and cylinder liner of an internal combustion
engine. To strengthen pistons and cylinder liners of internal combustion engines
made of aluminum alloys, coatings with a discrete structure are used [252, 254,
271, 276, 278].
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The “ring—piston groove” tribological interface determines the engine’s
service life [278]. Surface strengthening of the piston ring grooves in an internal
combustion engine can be achieved by applying discrete coatings.

The electric spark alloying method, which uses rod electrodes, is best suited
for strengthening the groove due to its structural feature (height h = 2...3 mm with
a depth L > 5 mm). This feature limits the capabilities of traditional surface
hardening technologies. Positive results in strengthening the shoulders of the
annular groove have been obtained using electron beam and laser technologies, as
well as methods of electrocontact chromium plating and friction-mechanical
rubbing, which is a variant of solid-state chemical-thermal treatment [274, 275,
277, 278].

The principle of discrete coatings is implemented using various surface
hardening techniques [242-252, 304-316]. However, the most suitable and
accessible method for producing discrete coatings is the electric spark alloying
method. This method is discrete in nature and offers the following advantages
[242-245, 247-251]:

- a single electrical discharge ensures the dimensional stability and
properties of an individual discrete coating element, i.e., it ensures reproducibility
of properties;

- the effectiveness of electrospark coatings lies in structuring/designing the
coating surface in such a way as to create a regular alternation of hard and soft
regions in order to minimize the stress-strain state of the surface. Such a regular
structure can be realized in the form of globules or islands on the surface;

- a minimal number of controllable process parameters—current intensity,
electrode oscillation frequency, and the speed at which the electrode moves across
the surface of the workpiece being hardened;

- no prior surface preparation is required,;

- by changing the electrical parameters of each individual discharge, it is
possible to apply discrete areas of various sizes and thicknesses, which allows for

the application of a differential coating, i.e., a coating of variable thickness;
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- by changing the pulse frequency or the relative movement speed of the
electrode and the part, one can adjust the number of discrete areas on the part’s
working surface, as well as regulate the coating’s integrity;

- the equipment is portable and compact, has low power consumption, and
allows for “dry” and “cold” processes (without heating the entire workpiece
through).

- there is no need for additional heat treatment, as the treated area remains
hardened while the heat from the discharge is dissipated into the workpiece
material,

- the ability to locally strengthen and repair large-sized parts, including “in
situ,” without disassembling them;

- creating a discrete structure in a single pass of the electrode significantly
increases the productivity of the electric spark alloying process (part of the part’s
surface remains uncoated).

Research on electrospark coatings with a discrete structure for strengthening
internal combustion engine pistons made of aluminum alloys is presented in [252,
271, 274-276, 277, 278]. The effectiveness and feasibility of further developments
in this area of surface strengthening have been demonstrated.

The discrete structure of the coating ensures: 1) high adhesive and cohesive
strength of the coating, especially under high contact loads; 2) no cracking or
delamination of coating particles under operating conditions.

It is precisely the resistance of the superhard coating to delamination that
prevents wear particles from entering the lubrication system of internal combustion

engines.

3.2.1 Tribotechnical characteristics of discrete strengthening protective

coatings

The test specimens were manufactured from AL25 and AKG6 alloys, which

were cast in a mold and heat-treated in accordance with DSTU 2839-94.
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Specimen preparation involved electric spark alloying using a copper rod
electrode, followed by machining. A coating with a discrete structure and 60—65%
coverage (Fig. 3.3) was applied on a modernized EFI-25M installation using
milling or turning machines. Control samples were made of cast iron. Wear
resistance was investigated under reciprocating sliding, simulating the operation of

the “ring-piston groove” tribological contact pair.

20 40 60 80 100
Coating integrity ¥, %
b

Fig. 3.3. Dependence of the wear resistance of aluminum alloy specimens on
the compactness of the hardened layer (b), together with a section of the working
surface of the coated specimen (a)

Weight loss diagrams for AL-25 alloy samples in their as-received state and
with a discrete-structure coating are shown in Fig. 3.4. Test results at a temperature
of 2000°C show that the unhardened AL-25 alloy is serviceable up to specific
loads of 8...8.5 MPa (Fig. 3.4, a). As the load increases, fatigue cracks form,
leading to the failure of the specimen. AL-25 alloy specimens with a discrete-
structure coating paired with cast iron showed a negligible change in weight loss
with increasing specific loads across the entire tested range (Fig. 3.4, a), indicating
the high wear resistance characteristics of the strengthened surface.

The friction characteristics of the AL-25 alloy do not deteriorate as the load
increases; rather, a noticeable decrease in friction force is observed as the

amplitude of relative displacement increases. Raising the test temperature to
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2000°C (Fig. 3.4, b) results in greater wear of the AL-25 alloy in its as-received
condition.

The absence of aluminum transfer from the hardened surface to the cast iron
specimens is very important. On the cast iron in contact with the AL-25 alloy,
processes of adhesion and sticking occur, which are indicated by a negative weight
gain. The alloy is not very sensitive to an increase in the amplitude of relative
displacement (Fig. 3.4, c), which indicates good damping properties of the
material.

Tests at room temperature showed that the wear resistance of the coated
alloy is sensitive to changes in the amplitude of relative displacement. At
amplitudes above 35 pum, an increase in the weight loss of the hardened sample
surface is observed (Fig. 3.4, c). Cast iron exhibits minimal wear under these
conditions.

Metallographic analysis revealed intense oxidation of the alloy at elevated
temperatures compared to tests conducted at 200°C. Significant degradation of the
cast iron was observed compared to room temperature. However, no adhesion of
the aluminum alloy was observed on the cast iron specimens.

The anti-friction properties of the friction pair (AL-25 alloy with coating —
cast iron) improve as the load increases to 13 MPa, after which a slight
deterioration is observed. An increase in the amplitude of relative displacement
leads to an increase in friction force. Raising the test temperature to 2000°C
revealed an inversion of certain wear resistance and friction properties of the AL-
25 alloy with coating — cast iron pair.

The hardened surface exhibits high wear resistance across the entire studied
range of specific loads (Fig. 3.4, b) and relative displacement amplitudes (Fig. 3.4,
d), with no sensitivity to increasing amplitude. It has been established that coated
samples exhibit high wear resistance at relative displacement amplitudes exceeding
50 um; however, under these conditions, wear of the cast iron counter face

increases.
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Fig. 3.4. Change in weight loss of AL-25 alloy specimens in their initial
state and with a discrete-structure coating as the specific load P (a, b) and the
relative displacement amplitude A (c, d) increase.

Test base N = 2,105 cycles, oscillation frequency f = 30 pertz (H2):

o - with coating; 0O - without coating.
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Test results under sliding friction conditions without abrasive lubrication at
various temperatures and during reciprocating motion demonstrated high wear
resistance of the surfaces of AL-25 alloy samples with a discrete-structure coating.

Fig. 3.5 shows comparative diagrams of the weight loss of the samples over
a distance of 7.2 x 103 m at various temperatures under sliding friction conditions
without lubrication. As can be seen from the diagrams, the discrete-structure
coating significantly increases the wear resistance of the AL-25 alloy, both at
normal temperatures and at temperatures close to the operating conditions of
pistons in internal combustion engines.

It is worth noting one important feature observed during testing. At small
amplitudes under reciprocating motion conditions with an overlap ratio greater
than one, zones arise that do not lose contact. In this case, when AL-25 alloy
specimens in their as-received state rub against cast iron rollers, a build-up layer
forms consistently. The composition of the growth was not studied, but based on
our understanding of the processes occurring during the friction of such surfaces,
this growth is a consequence of the increased tendency of the Al-25 alloy to seize.
Under the same test conditions, no growths were observed on samples with

discrete-structure coatings.
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Fig. 3.5. Weight loss diagram for AL-25 (1) samples over a friction distance
of 7.2 x 103 m at temperatures of 200°C (a) and 230°C (b):
1 — uncoated; 2 — discontinuous coating; 3 — counterbody
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Given the reciprocating nature of the interaction between the ring and the
piston, as well as the relatively small amplitude of movement along the surface of
the piston groove, reducing the tendency for deposits to form by applying a coating
with a discrete structure is a positive factor in improving the performance of the
assembly. Test results under sliding friction conditions show that applying coatings
with a discrete structure improves the anti-friction properties and wear resistance
of AL-25 alloy working surfaces compared to their initial state.

The generalized dependence of the change in the coefficient of friction and
the wear rate of the compared materials is shown in Fig. 3.6. The graphs show that
the discrete-structure coating increases the pressure at which the catastrophic
failure process begins by a factor of 1.5-2.

The laboratory studies concluded with contact fatigue tests. The contact
fatigue tests were conducted on an MKV-K test rig under conditions of frictional
rolling. The tests involved running-in cylindrical samples with a working diameter
of 10 mm between rigid rings using a friction transmission mechanism with a two-
cycle load per sample revolution. A normal load was applied to the sample via the
driven ring using a spring mechanism. The tests were conducted using M10-G2 oil

as lubrication.
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Fig. 3.6. Variation of the coefficient of friction x and wear rate | as a
function of load P (* — u, o, o —1): 1 —uncoated; 2 — discontinuous coating.
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The results of the contact fatigue study of the compared sample batches are

shown in Fig. 3.7.
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Fig. 3.7. Contact endurance of the AL-25 alloy:
O - uncoated; o - spot-coated
The graphs clearly show that applying discrete coatings to the surface leads
to an increase in contact endurance. Since the literature [242, 321] notes the
extremely low contact endurance of traditional surface hardening methods, the
increase in the contact endurance of the aluminum alloy can be explained by the

discrete structure of the coating.

3.2.2. Strengthening of pistons of internal combustion engines of

vehicles

The positive results achieved in improving the wear resistance of aluminum
alloys through the application of discrete coatings made it possible to move from
laboratory testing of samples to bench testing of actual components. The key to
success was the absence of cracking and delamination of the discrete coating, i.e.,
there is no risk of hard wear particles forming that could enter the lubrication
system of an internal combustion engine and cause premature failure,

To determine the competitiveness of electrospark discrete coatings, the state
of the art was analyzed, as well as trends in improving the wear resistance and
durability of internal combustion engine pistons [271]. The need to improve

internal combustion engines is linked to enhancing operational characteristics:
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pressure in the combustion chamber, crankshaft speed, and specific power per unit
of engine mass. Engine performance is also boosted by introducing forced
induction into the combustion chamber, specifically turbocharging.

The increasing demands placed on the operation of machines and
mechanisms—particularly the rise in dynamic loads—make it necessary to reduce
the weight of components. Consequently, there is a growing preference for using
lightweight yet strong metals and alloys as structural materials. High specific
strength and low specific weight have led to the widespread use of aluminum
alloys in engine manufacturing [271]. Recently, titanium alloys have also found
application. However, the effectiveness of their use depends on improving the
service properties of component surfaces [322].

Defects in pistons of diesel and gasoline internal combustion engines were
classified and grouped over three decades ago [323], and the situation has not
changed significantly to date. Defects include: damage to the piston crown, the
compression ring zone, and the piston bearing surface, as well as damage related to
the piston pin and the combustion chamber rim.

For turbocharged diesel engines, wear in the groove beneath the first
compression piston ring is the most common issue. The cause of accelerated wear
in the ring groove at operating temperatures is the difference in hardness between
the mating parts—the piston and the rings. At a temperature of 295°C in the piston
groove area for tractor diesel engines, the hardness of the aluminum alloy from
which the piston is made is 32 HB, while the high-strength cast iron from which
the compression ring is made has a hardness of 140 HB. As the temperature
increases, the difference in hardness grows due to the steeper temperature
dependence of hardness and its decrease for aluminum alloys.

Thus, the ring’s hardness being nearly four times higher is the main cause of
accelerated wear of the piston groove. The nature of the interaction between the
components of the cylinder-piston group (CPG) and the variation in hardness
between the groove and the ring lead to uneven wear of the lower shoulder of the

piston groove, which bears the pressure of the ring during the piston’s power
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stroke. Due to the uneven wear of the groove, the ring begins to operate with a
misalignment of its supporting end surface.

Positive results from laboratory tests, the absence of cracking and
delamination of the discrete-structure coatings under various load conditions,
allowed us to proceed to bench and operational tests. The purpose of the bench
tests was to determine the effectiveness of strengthening the ledges of the upper
ring groove in production pistons of internal combustion engines made of AL-25
alloy by applying discrete-structure electric spark coatings.

The production pistons were hardened using the electric spark alloying
method, followed by surface plastic deformation (smoothing). Coatings with a
discrete structure were applied with a coverage of 60-65% on a modernized
EFI-25M installation, with the pistons mounted in a lathe and the operations of
electric spark alloying and smoothing of the ring groove performed under a single
operational setup.

The required topography, surface layer properties, and stability of the
deposition process were ensured by alloying with a copper rod electrode (DSTU
859-2003) at a working current of 35-40 A.

During bench tests, the pistons with reinforced grooves were fitted with
production-grade compression rings and liners without any modifications. The
effectiveness of the reinforcement was evaluated by comparing the results with
those of tests on mass-produced cylinder-piston group components. The evaluation
criteria included both the wear resistance of the friction pair and changes in the
engine’s key performance characteristics, including oil pressure and consumption,
fuel consumption, and engine power.

It should be noted that the most objective method for evaluating the
effectiveness of hardening is the results of field tests. And although this approach
involves significant costs and time, in global engine manufacturing practice, bench
testing is a universally recognized method for evaluating new technical solutions,

both in the design of components and in the field of manufacturing technologies.
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Bench tests of hardened pistons were conducted on a D-240 engine using the
following methods:

- accelerated evaluation of abrasive wear resistance [397];

- accelerated evaluation of ring-groove pair wear resistance;

- reliability testing.

The results of measurements of key technical characteristics during engine
tests with production and hardened pistons, based on accelerated tests over 50
hours, are shown in Fig. 3.8 [271, 248].
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Fig. 3.8. Performance characteristics of engines with standard (1, 3, 5, 7) and
reinforced (2, 4, 6, 8) pistons

The performance characteristics of an engine equipped with pistons

featuring a reinforced groove increase by an average of 5-40%. The improvement
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in engine performance is due to a reduction in the total clearance between the ring
and the groove, resulting from reduced wear on both the ring groove and the ring
itself.

Figure 3.9 shows the results of bench tests on reinforced pistons. Applying
coatings with a discrete structure reduces the total wear of the ring-groove pair by
an average of 30-40% (Fig. 3.9, a) and the clearance at the ring joints by 30-40%
(Fig. 3.9, b). Stabilization of the piston groove shape with a strengthening coating

leads to a 50-60% reduction in engine cylinder liner wear (Fig. 3.9, c).
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Fig. 3.9. Results of comparative bench tests of cylinder-piston group
components with hard-facing coatings. The total wear of the ring-groove pair of a
production D-240 engine piston is taken as the unit of measurement.

Visual inspections of the pistons during testing revealed no cracks, chips, or
coating delamination on the hardened surface, indicating their high operational
reliability. A reduction in total wear in the ring-groove interface by an average of
35% allows for an increase in the engine’s overhaul interval, for example, for the
D-240 from 6,000 to 8,100 operating hours.

A comparative analysis shows that applying coatings with a discrete
structure ensures that the wear resistance of the upper piston groove in

turbocharged diesel engines is on par with that of the upper piston groove
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reinforced by electric arc remelting or through the use of non-resistive inserts, as
employed by a number of foreign companies. However, a technical and economic
analysis indicates significant advantages of applying discrete coatings over other
methods of improving the performance of piston grooves.

For example, a comparison of the main material and energy costs when
performing strengthening processes via electric spark alloying and plasma
remelting shows that the use of argon gas is completely eliminated from the
technological process, while the consumption of alloying materials is reduced by
90%, electricity consumption by 80 times, and production space by up to 70%.

The effectiveness of coatings with a discrete structure in strengthening the
ring grooves of carburetor engine pistons was evaluated based on the results of
operational tests.

The increase in wear resistance of the reinforced pistons compared to the
production pistons installed on the same engine was determined after 50,000
kilometers of off-road driving in a VAZ-2121. It was determined that, compared to
the production piston, the wear resistance of the hardened piston increased:

- by a factor of 2 for the upper ring groove;

- by a factor of 1.5 for the production compression ring operating in contact
with the hardened groove.

Wear on the ring-groove pair has been reduced by a factor of 4 [242, 248].
Recent tests of gasoline automotive engines conducted under the European NEDC
cycle indicate that approximately 20% of fuel is consumed to overcome friction.
For diesel engines, these losses are even higher [324]. The most effective way to
reduce these losses is by improving the tribological characteristics of the cylinder-
piston group and crankshaft bearings.

Therefore, the technology of applying discrete coatings by the electric spark
alloying method is promising in engine manufacturing for reducing friction by
strengthening the piston, crankshaft bearings, and cylinder liners. Let us consider
in more detail the problem of increasing the service life of cylinder liners in

internal combustion engines.
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3.2.3 Hardening of Cylinder Liners in Internal Combustion Engines

Positive results from laboratory tests of discrete coatings obtained by the
electric spark alloying method on aluminum alloys and results from bench tests of
internal combustion engine pistons made it possible to proceed to evaluating the
application of discrete coatings to internal combustion engine cylinder liners [294].
Improvements in internal combustion engines are associated with increased power
and reduced fuel consumption. These improvements are achieved through direct
fuel injection into the cylinders, full variable valve timing, reduced displacement,
and the use of high boost pressure [325].

The supercharging of internal combustion engines is associated with an
increase in operational parameters: combustion chamber pressure, crankshaft
speed, and specific power per unit of engine mass. All of these parameters lead, to
varying degrees, to an increase in mechanical and thermal loads on internal
combustion engine components.

The problem of reducing friction in the tribological interfaces of internal
combustion engines is particularly relevant. Friction losses are directly related to
the wear of internal combustion engine components. Converting high-speed diesel
engines to “heavy” fuel causes an approximately twofold increase in wear of the
cylinder-piston group [271].

The performance of the cylinder liner determines the service life of the
cylinder-piston assembly and the entire engine. While the piston in an internal
combustion engine is considered a wear part, replacing and rebuilding the cylinder
liner involves significant costs. The general trend toward reducing engine weight
has led to cylinder heads being most often made of aluminum alloys and a gradual
transition from cast iron cylinder blocks to aluminum ones [325].

In addition to the advantages of reduced weight and manufacturing
complexity, the benefit of an aluminum block lies in improved cooling conditions
for internal combustion engines due to the high thermal conductivity of aluminum

alloys. Therefore, there is a growing trend toward the use of lightweight metal
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cylinder blocks with various bushings. The need for liners stems from the low wear
resistance of aluminum alloys in the cylinder-piston assembly [326].

However, the idea of creating internal combustion engines made entirely of
aluminum alloys has not lost its significance [327]. The primary goal of the
world’s leading engine manufacturers remains the development of a sleeve-less
cylinder block made of aluminum alloy [328]. Along with high strength and
manufacturability, the main requirements remain wear resistance and anti-seizing
properties comparable to those of Fe alloys.

This complex challenge is being addressed through the creation of alloyed
aluminum alloys [295-300, 329-333]. Silicon Si (up to 40%) [329-332], lead (up
to 8%) [329], magnesium Mg (up to 5%) [329, 332], copper Cu (up to 10%) [329,
332], as well as iron (Fe), nickel (Ni), and chromium (Cr) [295-298, 300, 301 330,
332].

Aluminum alloys may contain varying amounts of zinc Zn, manganese Mn,
zirconium Zr, lithium Li, titanium Ti, boron B [292-299, 301], rare earth metals
(REM) with a total content of 0.5-10% [250], as well as up to 10% vanadium (V)
and cobalt (Co) [301]. In addition to its excellent casting properties, silicon (Si)
enhances the alloy’s hardness and wear resistance [329, 332]. Lead acts as a solid
lubricant on the sliding surface at elevated temperatures [329]. Magnesium (Mg),
copper (Cu), and other elements contribute to dispersion strengthening, increasing
the corrosion resistance and heat resistance of aluminum alloys [295-309, 329
332].

Alloying additives solve the problem of improving resistance to burning
[334]. One of the requirements for alloyed aluminum alloys remains machinability,
which is also ensured by alloying additives [332, 333].

A modern high-strength and wear-resistant aluminum alloy for internal
combustion engines is produced using powder metallurgy (PM) technology from
powders of aluminum (Al), zinc (Zn), magnesium (Mg), copper (Cu), and lead
(Pb). Alloyed aluminum alloys are also used in the manufacture of high-pressure

compressor blocks [333].
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A design for a sleeve-less block made of a bimetallic casting has been
developed by sequentially pouring the heat-resistant, wear-resistant alloy
AlICusNiCoSbTiZr, followed by the light alloy AlSisCus with good casting
properties [300].

One of the emerging trends in the development of aluminum blocks is the
use of aluminum-matrix composite materials (CM). Increased wear resistance is
achieved by reinforcing the aluminum matrix with hard ceramic particles [327,
335-337]. Dispersed particles are used as fillers at concentrations of 1-30%,
including:

- oxides of aluminum (Al,O3), magnesium (MgO), zirconium (ZrO,), and
silicon (Si0O,);

- carbides of tungsten (WC), titanium (TiC), silicon (SiC), and boron (B,C);
- nitrides of titanium (TiN), boron (BN), aluminum (AIN), and silicon (SizN,);

- borides of niobium (NbB), zirconium diboride (ZrB,), and aluminum diboride
(AIBy).

The average particle size of the ceramic is 0.05-150 um. The advantage of
the composite in terms of wear resistance is attributed to elongated particles [335].

Graphite, molybdenum disulfide (MoS,), and/or tungsten disulfide (WS,)
are added to the composite as solid lubricants [327, 336].

Graphite additives at a content of 1-8% with an average particle size of 10—
50 um improve sliding properties and reduce the likelihood of seizing between
rubbing parts [335].

Nissan’s portfolio includes the use of high-alloy aluminum alloys, in which
highly filled composite materials are used as the matrix [335, 2336]. The
composite is formed through a high-speed crystallization process [327]. In the
development of aluminum-matrix composites, Al,O3 and carbon fibers are used as
reinforcements [338].

The high tribological characteristics of these composites under sliding

conditions, especially under “dry” friction, are emphasized. Test results for
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cylinder liners of internal combustion engines made from composites containing
aluminum oxide (12%) and carbon (9%) fibers demonstrated their operational
advantages compared to other materials used for this purpose [338]. It should be
noted that sleeve-less blocks made of aluminum-matrix composites have been used
in Honda sports motorcycles since 1994 [327].

A compromise solution involves manufacturing an aluminum block with
reinforcing components made of steel and cast iron [326, 339]. However, this
raises the challenge of forming a strong bond between the cast-iron liner and the
aluminum alloy of the cylinder block.

To increase the service life of an automotive engine, General Motors Corp.
uses gas-thermal spraying of iron-based (Fe-based) powders onto the bored holes
of steel liners in the aluminum block. This ensures the necessary durability of the
piston group and reduces engine manufacturing costs [201]. To improve the
adhesion of the cast iron liner surface to the aluminum alloy of the cylinder block,
a 200-micron-thick AlSi coating is applied via gas-thermal spraying [240].

Methods of securing liners in the cylinder block using ribs are also used
[326]. The installation of steel and cast-iron liners into an aluminum block presents
a perennial challenge: improving wear resistance. Traditionally, this problem is
addressed through final machining.

The process of honing cylinder working surfaces is widespread in engine
manufacturing in various technological variants. In mass production, a domestic
method is used to improve the anti-friction and anti-wear properties of cast iron
cylinder liners—flat-top anti-friction honing [341, 342]. A regular micro-relief is
applied using diamond lapping methods [343].

Audi has launched a 3.0-liter turbocharged high-output diesel engine into
series production.

Leading engine manufacturers use laser honing for the surface hardening of
cast iron cylinder liners [344]. The working surfaces of cast iron cylinder liners

were subjected to laser honing, which reduced piston ring wear by a factor of 2, oil
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consumption by 25%, and fuel consumption by 3%. The outer layer of the working
surface was melted to a depth of 2 um, forming metal vapors, under the action
of which atmospheric nitrogen entered the melted layer.

After the laser pulse ended, the layer of the working surface formed a
nanocrystalline structure with a nitrogen content of up to 18% during cooling. As a
result, the coating, approximately 200 nm thick, consists of iron nitrides and
carbides and exhibits high hardness and ceramic-like properties [342]. According
to Opel, laser honing of the liners halved the wear of the cylinders and piston rings.
Laser treatment of cast iron liners increases their wear resistance to the level of a
production liner with a nichrome insert [344].

It is worth noting a trend in engine manufacturing toward replacing steel and
cast iron liners in aluminum blocks with aluminum liners. For this purpose,
aluminum matrix composites containing dispersed particles of Ni-coated graphite
are used.

Compared to cast iron liners, aluminum alloy liners exhibit less wear and
contribute to increased engine power [344]. A liner made of a high-alloy aluminum
alloy with 3% graphite possesses all the positive qualities of cast iron while being
significantly lighter. The use of aluminum liners instead of cast iron ones provides
an increase in engine power of 11-27%, fuel savings of 4-28%, and a reduction in
friction losses of 18%, along with a significant reduction in piston ring wear and
improved dimensional stability of the pistons.

Honda has patented a wear-resistant, heat-resistant, and durable aluminum-
based composite material for cylinder liners. The aluminum matrix contains
inclusions of aluminum oxide (Al,03) (3-5%) and graphite (0.5-3%). A two-layer
liner is also offered, the inner working layer of which consists of the patented
composite [345], and the outer layer of a deformable aluminum alloy.

Peak Werkstoff GmbH supplies Daimler-Chrysler with aluminum alloy
cylinder liners for high-load turbocharged engines [346]. The use of aluminum
liners eliminates the problem of ensuring a strong bond between the liner and the

block. The power of internal combustion engines with aluminum cylinders
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increases by up to 10% while fuel consumption decreases by the same amount
[296].

An aluminum alloy sleeve solves the problem of reliable heat dissipation,
which is particularly important for modern air-cooled internal combustion
motorcycle engines. This allows for an increase in specific power output to a level
of 37-52 KWI/L [347].

For aluminum liners, improving wear resistance remains a challenge.
Therefore, the most promising approach is the use of strengthening coatings
capable of increasing surface hardness and reducing the coefficient of friction. In
addition, these coatings solve the “cold start” problem that occurs when using
uncoated aluminum liners.

In the field of engine manufacturing, electroplating methods are the most
common technique for applying wear-resistant coatings to aluminum liners. The
most frequently used coatings are traditional hard chrome (Cr) [348] and nickel
(Ni) coatings with boron and silicon carbide (SiC) additives [349, 350]. BMW has
developed and implemented an industrial technology for the electrolytic deposition
of a nickel-silicon carbide (Ni-SiC) coating system with a deposition rate of 100
um in 16 minutes [351]. Additionally, this technology enables the restoration of
worn aluminum cylinders.

Anodizing [349, 352] and micro-arc oxidation [353] are also used. Increased
wear resistance is achieved by etching the surface of the aluminum-matrix
composite, after which hard silicon (Si) particles form protrusions above the liner
surface [350].

One of the most common coating methods in practice is thermal gas
spraying, which is widely used in engine manufacturing. For plasma spraying of
aluminum cylinder surfaces, mixtures of aluminum (Al), iron (Fe), and
molybdenum (Mo) powders, as well as mixtures of aluminum and cast iron
powders, are used. Gas-flame spraying is used to apply a coating made of wire
consisting of iron-containing material to aluminum cylinders. A wide range of

powder materials is used for gas-thermal spraying on aluminum cylinders. The
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main component of the mixtures is iron. The powders contain chromium (Cr) and
manganese (Mn) in various weight ratios, and other elements may also be added.
All elements are incorporated into the powders in their pure form or as compounds
[353].

In addition to honing [342, 343], laser technologies are used to alloy the
surfaces of aluminum cylinders. Silicon is effectively diffused into the surface
layer to a depth of 1 mm [354].

The wear resistance of aluminum cylinders is increased by rolling a regular
micro-relief in the form of depressions 10—50 um deep.

A bimetallic aluminum liner is formed by pouring molten aluminum over a
cladding layer consisting of iron (Fe) and copper (Cu) powders. Particles of the
sintered cladding layer diffuse into the molten aluminum, ensuring a strong bond at
the layer interfaces [355].

The wear resistance of Al cylinders is improved by rolling a regular micro-

relief with indentations of 10-50 pum [356].
Combinations of different technologies are also used. AUDI AG has patented a
technology for applying an electroplated coating composed of silicon Si (1.8—
2.8%), manganese Mn (0.3-1.0%), chromium Cr (0.15-0.4%), cobalt Co (10-
20%), copper Cu (0.1%), iron Fe, and other elements. The electroplated coating is
treated with short laser pulses.

A widely recognized drawback of hardening protective coatings is their
cracking and delamination under extreme operating conditions. As contact loads
increase, the strengthening effect of the coatings decreases [357? 358]. Large
particles of the superhard coating that have delaminated and entered the engine’s
lubrication system pose a particular danger.

For a cylinder made of any material, this leads to catastrophic wear.
Therefore, the engine manufacturing industry, particularly components of the
cylinder-piston group, is the least receptive to new technologies for hardening
coatings. To date, the problem of selecting materials for hardfacing coatings and

the technologies for their application for rotary internal combustion engines
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remains unresolved. A series of patents by Ford Motor Co. and other leading firms
has not made it possible to ensure the required service life of the rotary engine
[359, 360].

A new phase in the development of hardfacing coatings began with the
application of the principle of coatings with a discrete structure and enhanced
thermomechanical stability [242, 248].

A tractor compressor sleeve manufactured by the Khmelnytskyi Tractor
Aggregates Plant was selected as the test specimen with a discrete coating for
bench testing. The compressor model is A29.03.00B. Along with the compressor
equipped with a standard cast iron sleeve, a compressor with an AL-25 alloy
sleeve, reinforced with a discrete electric spark coating, was supplied for bench
testing.

Using the electric spark alloying method with a 3.0 mm diameter copper rod
electrode at an operating current of 35-40 A, a discrete coating with 60% coverage
was applied on the EFI-25 machine. After coating application, the sleeve
underwent finishing turning to the required surface roughness. The allowance for
finishing was 0.15-0.20 mm. The appearance of the sample after electric spark

alloying and stepwise finishing turning is shown in Fig. 3.10.
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Fig. 3.10. Fragment of a sleeve with discrete coatings after step turning

Bench tests of the aluminum liner with a discrete coating showed a threefold

increase in its durability compared to a standard cast iron liner under equal linear
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wear conditions. Moreover, and very importantly, replacing the cast iron liner
allowed for an 18% reduction in the compressor’s weight.

Finally, it should be noted that the current trend in engine manufacturing is a
shift toward aluminum alloys in the production of cylinder blocks. The main
challenge remains increasing the wear resistance of the cylinders. In sleeve-less
blocks, this problem is solved by using high-alloy aluminum alloys, aluminum-
matrix composites, and bimetallic technologies. Cast iron inserts are also used in
aluminum blocks.

A realistic, alternative solution to this problem, in our opinion, should be
sought in the development of new, modern types of coatings capable, in principle,
of avoiding the traditional (classic) shortcomings in the operation of heavily loaded

friction units in mechanisms and machines.

3.3. Optimization of the electric spark alloying process for discrete

coatings based on wear resistance criteria

A conceptual approach to the comprehensive structural and technological
improvement of the load-bearing capacity of reinforcing protective coatings
involves the following sequential stages:

- optimization of technologies and structural designs for traditional solid
coatings using methods of multifactorial planning and multi-criteria optimization.
The goal of this stage is to determine the maximum potential of a specific
technology and structural configuration of the coating;

- further increasing the load-bearing capacity of reinforcing surfaces by
forming coatings with a discrete structure. The goal of this stage is to determine the
relationship between the geometric parameters of the structure and the elastic
properties that ensure a minimum stress-strain state under operational conditions.
Particular attention is paid to reducing tensile stresses by selecting the parameters
of the discrete structure. This reduces the brittleness of superhard, high-modulus

coatings;
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- selection of the parameters of the discrete structure of the coatings and
transition to the optimization of the coating application technology based on
strength and wear resistance criteria. To this end, mathematical modeling,
multifactorial planning, and multi-criteria optimization are employed. The
objective of this stage is to determine the maximum potential of strengthening
protective coatings with a discrete structure.

In experimental studies, anti-friction coatings were applied to D1T
aluminum alloy. Steel 30XI"CH2A is used as the counterface in this tribological
pair. Three variants of the structural configuration of the coatings were tested:

- single-layer copper (Cu) coating;

- two-layer coating consisting of copper (Cu) + SP-1 alloy;

- two-layer coating consisting of copper (Cu) + SP-2 alloy.

The compositions of the SP-1 and SP-2 electrodes are given in Table 3.1.

Table 3.1
Chemical composition of the electrodes

Electrode

. L
material grade Composition, %

Al | Si Mn Fe Ni Cu

SP-1 alloy 3-5| 1 | 3840 | 1-2 | 34-35 | 16-17

SP-2 alloy - [ 89 |36-37 | 1-2 | 33-34 1

A standard Elitron-22 setup was used to apply the coating via the electric
spark alloying method. To form a new anti-friction, wear-resistant coating using
the electric spark alloying method, the base components manganese (Mn) and
nickel (Ni) were used in the composition of the SP-1 and SP-2 electrodes.

Manganese, as is well known [222, 361, 362], improves strength, ductility,
and corrosion resistance. Nickel enhances mechanical properties and increases the

heat resistance and corrosion resistance of materials.
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The tribological characteristics of the electrode material were improved by
introducing alloying additives of aluminum (Al), silicon (Si), iron (Fe), and copper
(Cu). To achieve optimal tribological characteristics, the aluminum content should
be more than 5%, and the silicon content more than 8%. The introduction of silicon
ensures the heterogeneity and fine dispersion of the coating structure, which in turn
contributes to the optimal distribution of stresses acting on the friction surface. The
loads are absorbed by the hard components of the coating structure, which ensure
the material’s wear resistance [362].

The alloying elements aluminum (Al), silicon (Si), and iron (Fe), interacting
with oxygen in the air, form oxides from a mixture of elements in the form of

“spinels,” which improve tribological characteristics.

3.3.1 Multifactorial planning of tribological tests

Regular multifactorial designs were used to plan the experiment [363], on
the basis of which a general experimental design was developed. The controlled
design, process, and operational factors, as well as their levels of variation, are

presented in Table 3.2.

Table 3.2
Factors and their levels of variation
Factors Code Variation Levels
Coating Material X1 | 0(Cu) 1(Cu+ SP-1) 2(Cu+ SP-2)
) No N1 N,
Lubricant X5 ]
(AMG-10) | (CYATIM-201) | (Svinol-01)
Operating current, A | X3 1.4
EIect_rode oscillation X, 0.2..05
amplitude, mm
Sliding speed, m/s Xs 0,1..05
Specific load, MPa Xs 0...20

The design matrix in actual values is shown in Table 3.3.
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The main tribological characteristics—wear rate I and coefficient of friction
u—were taken as response variables. As a result of friction and wear experiments,
the tribological characteristics of the coatings were determined as a function of

design, manufacturing, and operational factors.

Table 3.3
Working design matrix
X1 X2 X3 Xa Xs Xe
1 N1 2,5 0,35 0,3 10
0 N2 1,75 0,45 0,2 15
2 No 3,25 0,25 0,4 5
0 N1 3,75 0,5 0,4 2
1 No 2 0,3 0,1 13
1 N1 3 0,2 0,5 18
2 N2 1,25 0,4 0.2 7
0 N2 3 0,3 0,1 1
1 N1 1,5 0,45 0,4 11
0 No 4 0,35 0,3 17
2 N1 2,25 0,2 0,5 6
0 No 2 0,4 0,3 3
2 N2 3,5 0,25 0,1 14
1 N2 1 0,35 0,5 19
2 No 2,15 0,5 0.2 9
0 N1 2,25 0,25 0,3 5

Based on the results of the experiment, the best tribological characteristics of
the copper coating were observed in the CYATIM-201 lubricant at a specific load
of Pspec = 2 MPa. A further increase in the specific load to Psec = 10 MPa
demonstrates the effectiveness of the Cu+SP-2 coating.

With an increase in the specific load to Pgec = 10...18 MPa, the use of the
Cu+SP-1 coating is recommended. In AMG-10 and Svintoli-01 lubricant media,
the Cu+SP-2 coating exhibits the best tribological characteristics as the specific
load increases across various sliding speeds. The friction surface of this coating is
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free of scratches, cracks, and wear marks due to the formation of wear-resistant
zones based on manganese and nickel, as confirmed by micro-X-ray diffraction

analysis. The research results are presented in Figures 3.11-3.17 and Table 3.4.
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Fig. 3.11. Dependence of wear rate I. and friction coefficient x for a Cu

coating on the specific load P spec. (AMG-10)
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Fig. 3.12. Dependence of wear rate I, and friction coefficient x for
the Cu+SP-1 coating on the specific load Pgec. (CYATIM-201)
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Fig. 3.14. Dependence of wear rate I, and friction coefficient x for the
Cu+SP-2 coating on specific load Pspec (Svintoli -01)
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Fig. 3.15. Dependence of wear rate I, and friction coefficient u for
a Cu coating on the specific load Pgspec (AMG-10)
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Table 3.4
Test Results
Wear rate of the coatings,
| =107° kg-cm~2 per 1,000 m Coefficient of friction, p

Yi1 Y12 Yo Y22
0,540 0,490 0,077 0,0752
0,910 0,895 0,0658 0,0623
0,70 0,752 0,082 0,0853
0,210 0,303 0,055 0,0571
14,70 12,60 0,138 0,124
0,079 0,12 0,081 0,083
0,09 0,138 0,058 0,061
0,275 0,284 0,067 0,0688
0,70 0,93 0,07 0,085
1 1,2 0,17 0,185
0,1 0,08 0,06 0,0574
0,330 0,42 0,0728 0,0758
0,53 0,62 0,0907 0,0923
10,2 9,84 0,091 0,0874
2,80 1,7 0,193 0,182
0,47 0,54 0,058 0,063
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3.3.2. Regression Analysis of Test Results

Regression analysis and validation of the resulting mathematical models
provide a more accurate quantitative interpretation of the experimental results
[364, 365]. The models were calculated using the PRIAAM software package
[366, 367].

Based on the results of the regression statistical analysis, the dependencies
of the wear rate of coatings Y; and the coefficient of friction Y, on design,

manufacturing, and operational factors were obtained, which are as follows:

Y, =1,79779 + 5,87766 x,x5 + 0,681912 x3x; —2,49064 x5 + (3.1)
+1,72778x% +1,81677 x,x3 +2,2649x{ x; +1,47827 x3x3;

Y, =0,0827649 + 0,113278 x7x; — 0,0504034 x; + 0,0232166 x{ +
+0,0611406 x3 x4 + 0,104833 x3x, + 0,0728096 x,x3 + 0,0465043 x5 —  (3.2)
—0,0590069 x,x3 +0,0979191 x3x5 + 0,041559 x7x; + 0,022658 x3x¢.

where Y; and Y, are mathematical models in encoded coordinates for the coating

wear rate and the coefficient of friction.

Formulas for converting from encoded coordinates to natural coordinates:
x; =0,941176(X, —0,9375);

xi =1,64632(X{ —0,0907563 X, — 0,605536);

Xy =1(X, —1);

x5 =1,6(X5 — 0,625);

x; =0,659794 (X5 — 2,48438);

x3 =1,50615(X3 — 0,0300673 X5 — 0,324689);

x3 =3,04649( X3 —0,0129029 X3 —0,653277 X; — 0,0055731);
x, =6,4(X, —0,34375);

x; =4,38694(X; —0,122458 X7 — 0,69253 X, + 0,0172601);

x5 =5(X5 —0,3);
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xZ =1,88235(XZ +5,16884 - 107 X5 — 0,46875);

x3 =3,33333(X2 +4,25889 - 10 * X3 —0,85.X 5 + 4,26538);
x5 =0,107383 (X4 — 9,6875);

X2 =1,75479( X2 —0,0746302 X s —0,370028 ).

The obtained relationships were tested for adequacy, reproducibility, and the
informativeness of the results using criteria from mathematical statistics [367].

The wear intensity model I, is adequate:

Fextra charge = 1.90 < Ferir. = 3.55; o = 0.05; V1 = 5; V, = 7 explains 96.47% of the
total variance.

The multiple correlation coefficients R = 0.982 is statistically significant:
Fr=38.31>F¢it=2.71, 0= 0.05; V1 = 5; V, = 20.

The multiple correlation coefficients R characterize the strength of the
statistical relationship between the multiple regression equation Y; and the initial
experimental results.

The Box-Wetstein criterion for informativeness is y = 2, i.e., the model is
robust: the coefficient of determination COND = 1.35.

The friction coefficient p model is adequate:

F extra charge = 2.993 < Ferit. = 3.5; o = 0.05; V1 = 7; V2 = 8 and explains 97.15% of
the total variance.

The multiple correlation coefficients R = 0.986 is statistically significant:
Fr=39.03> Fgit. =2.42, 0= 0.05; V. =7; V, =24,

The Box-Wetstein criterion for informativeness is y = 3.

The model is robust: the coefficient of determination COND = 2.83.

Based on these results, a visual representation of the geometric images of the
response functions was obtained by constructing the corresponding geometric
surfaces (Figs. 3.18-3.20).

It should be noted that there is a break in the surface Y; = (X1, Xs)

(Fig. 3.19), which is associated with a change in the wear mechanism as the

contact load Xg increases
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Fig. 3.18. Response surface Y; = (X1, Xs):
Y, — coating wear rate (Table 3.4);
X1 — coating material (Table 3.2); Xs — sliding speed, m/s (Table 3.2).
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Fig. 3.19. Response surface Y; = f(Xy, Xe):
Y, — coating wear rate (Table 3.4);
X1— coating material (Table 3.2); Xs— specific load, MPa (Table 3.2).
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Fig. 3.20. Response surface Y, = (X3, X4):
Y, — coefficient of friction (Table 3.4); X5 — operating current (Table 3.2);
X4 — electrode oscillation amplitude, mm (Table 3.2).
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3.3.3. Multi-criteria optimization of coating application technology

using the electric spark alloying method

The electric spark alloying process is characterized by several key quality
indicators, including wear rate and coefficient of friction. When optimizing these
parameters, the requirements can be quite contradictory; that is, improving one
criterion may lead to deterioration in another. Consequently, there is a need for
multi-criteria optimization by determining a specific compromise point that must
satisfy the desired requirements (a Pareto compromise) [362, 363 and 368]. As a
rule, the results for each individual indicator will be worse than in the case of
single-criteria optimization for that parameter. In this case, a more complex
situation arises, where the pursuit of individual goals leads to their inequality
relative to one another.

The ability to assign relative weights to multiple quality criteria is complex,
and the PRIAAM software package offers a practical solution by allowing the user
to compare criteria in pairs to determine which criterion is better (or if they are
equivalent). After analysis, the criteria are constructed automatically [366, 367].

To optimize the electric spark alloying technology, a random search method based
on uniformly distributed random points was used [368]. The results of the multi-

criteria optimization are presented in Table 3.5.

Table 3.5
Results of multi-criteria optimization
Criterion Relative
Factor values o
values efficiency
X1 X5 X3 Xa X5 Xs |n'10'6 u 0

Cu+ SP-2 |[CYATIM 201 | 2,25 |05 |02 |6 |0,08 |0,0574]0,9857

Cu+ SP-2 | Svinzol-01 1,25 (0,2 |04 |7 |0,09 0,058 |0,98139

Cu+ SP-1 | CIATIM-201 |3 0,5 (0,2 |18 | 0,07 0,081 |0,86078

Cu+ SP-2 | AMG-10 325 |04 (025|5 |0,7 0,082 10,8478
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Based on the results of the multi-criteria optimization presented in Table 3.5,
it can be concluded that the Cu+SP-2 coating achieves the highest relative
efficiency for various lubricants, and the implemented process parameters for its
application are optimal.

Multicriteria optimization of electric spark alloying allows determining the
combination of design and technological factors that ensure the formation of
coatings with high operational properties.

The obtained mathematical models for ensuring optimal tribological
characteristics of strengthening protective coatings can serve as a basis for
developing control programs for the automated technological process of electric

spark alloying.

3.4. Optimization of discrete coating technology for parts restoration

An analysis of the results of defect detection in bronze components during
theoverhaul of modern aircraft shows that 82% of components are rejected due to
excessive wear [131].

This is caused by high specific loads at low sliding speeds, contamination of
contacting friction surfaces with abrasives, dust, and condensate, as well as the
non-additive nature of the lubrication.

Such assemblies include plain bearings, bolted joints, ball-bearing joints,
and others. Parts made of bronze are among the most common sliding elements in
bearings, which undoubtedly limit the service life of the entire unit.

It should be noted that the coating application methods traditionally used in
aircraft repair manufacturing clearly do not allow for the effective restoration of
steel-bronze tri-component parts.

Our search for advanced coating technologies to restore worn parts operating
under extreme friction and wear conditions has shown that one of the most
effective and economical methods for eliminating wear, particularly in bronze

parts, is the electric spark alloying method [131].

127



3.4.1. Electrode Materials and Coating Designs

BrAZhMts10-3-1.5 bronze was selected as the substrate material for coating
application; this material is used in aviation equipment assemblies in contact with
30KhGSN2A steel. A standard Elitron-22 installation was used to apply coatings
via the electric spark alloying method. Alloys SP-1 and SP-2 were used as
electrode materials; their compositions are given in Table 3.1. Friction and wear
tests of the experimental coatings were conducted on the SMT-1 universal friction
machine using a disc-block configuration in the “New Technologies” educational
and research laboratory of the Department of Applied Mechanics and Materials
Engineering at the National Aviation University. To rationally select the
parameters of the coating’s discrete structure, preliminary experiments were
conducted to determine the dependence of wear resistance on the continuity
coefficient y. The continuity coefficient y is defined as the ratio of the area of the
discrete coatings to the total area. Fig. 3.21 shows the dependence of weight loss
on coating continuity. The accuracy of determining coating continuity was £5%

and was determined using the method described in [244].
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Fig. 3.21. Dependence of wear on coating integrity

The coating density was adjusted by varying the electrode’s travel speed

relative to the sample. The research results presented in Figure 3.21 confirm the
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effectiveness of using discrete coatings [242, 244]. Minimal coating wear is
observed at a coverage of w = 55...65 %. In all subsequent studies, a coverage of y
= 0.6 was used. Tests were conducted on three coating variants: 1) a coating made
of electrode material SP-1; 2) a coating made of electrode material SP-2; 3) a two-
layer coating M2 with a first layer of SP-2 and an outer layer of base material—
bronze BrAZhMts 10-3-1.5. The composition of the M2 coating is justified by the
fact that, for high anti-galling resistance, it is advisable to apply a thin layer of
softer material to a hard surface, which acts as a solid lubricant and prevents the
formation of surface defects in the form of gouges, which almost always render the
tribological contact inoperable. The surface plastic deformation method was used
as a finishing treatment for the coatings prior to testing. Hardening the surface
layers by surface plastic deformation ensures the required surface finish and part
dimensions without machining [369], as well as an increase in hardness and wear
resistance [370]. The main tribotechnical characteristics—wear rate and coefficient
of friction—were selected as criteria for optimizing the electric spark alloying

process.

3.4.2 Selection of Controllable Parameters and Optimization Criteria

Design, technological, and operational factors were selected as the input
control variables. To solve the optimization problem in practice, we selected
precisely those factors that have the greatest influence on the optimization criteria
and can be controlled. The use of expert assessment methods [131] and a series of
screening experiments allowed us to obtain an average a priori ranking of the
factors influencing the electric spark alloying process (Fig. 3.22). The
discretization parameter (Fig. 3.22, item 9) is taken as a constant (y = 0.60).

Modeling the coating application process based on the analysis of the
conducted ranking allowed us to identify a group of parameters that have the
greatest influence on the values of the optimization criteria; therefore, the

following were included in the design matrix as controllable factors: coating
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material and lubricant material; working current of the electric spark alloying

process; electrode oscillation amplitude; sliding speed; and specific load.

Degree of Participation, %

Fig. 3.22. Ranked list of factors: 1 — coating material; 2 — EIL operating
current; 3 — electrode oscillation amplitude; 4 — sliding speed; 5 — specific load;
6 — lubricant; 7 — coating thickness; 8 — electrode diameter; 9 — discretization
parameter y; 10 — deposition time

Tests on the SMT-1 universal friction machine under boundary friction
conditions were conducted in a special sealed chamber. CYATIM-201, AMG-10,
and Svinol-01 were used as lubricants [370]. The anti-friction grease CYATIM-
201 is used to reduce friction and wear in aircraft control assemblies and their
engines, landing gear mounting assemblies and retraction mechanisms, wheel
bearings and various electrical units, weapon systems, special equipment, and
instruments [370]. In the operation of hydraulic systems in aviation equipment,
where sealing parts and hoses are made of oil-resistant rubber, AMG-10 oil) is
currently used as the working fluid. “Svynol-01” grease is characterized by high
anti-wear properties and is a product of combining CYATIM-201 grease with 10%
lead powder. This grease is used in aviation equipment in assemblies with high
specific pressure due to the high stability of the boundary lubrication film. Due to
the presence of lead powder, which acts as a solid lubricant, this film protects
contacting surfaces from scoring, for example, in the swing-wing assemblies with
variable sweep. Table 3.6 presents the controlled factors and their levels of
variation. Based on the data in Table 3.6, an experimental design was
generated in this study and is presented in Table 3.7 in the form of a design matrix.
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Table 3.6

Controlled factors and their levels of variation

Factors Code Variation Levels
Coating Material X1 SP-1 SP-2 M,
. XZ No Nl Nz
Lubricant _
(AMG-10) | (Svinol-01) (CYATIM-201)
Operating Current, A | X3 1...4
Electrode oscillation
amplitude, mm Xa 02...0,5
Sliding speed, m/s Xs 0,1...0,5
Specific load, MPa Xs 0...20
Table 3.7
Design matrix for the experimental design
Xl X2 X3 X4 XS XG
SP-1 No 2,25 0,35 0,3 10,53
SP-1 N1 1,63 0,28 0,4 12,5
SP -1 N2 2,88 0,43 0,2 8,55
SP-1 No 3,19 0,39 0,45 7,57
SP -1 N1 1,94 0,24 0,25 11,51
SP -2 N2 2,56 0,46 0,15 13,49
SP -2 No 1,31 0,31 0,35 9,54
SP -2 N1 2,72 0,26 0,23 7,07
SP -2 N2 1,47 0,41 0,43 11,02
SP -2 No 3,34 0,33 0,33 12,99
M N1 2,09 0,48 0,13 9,05
Mz N2 1,78 0,37 0,38 8,06
M No 3,03 0,22 0,18 12,01
Mz N1 1,16 0,44 0,28 13,98
M N2 2,41 0,29 0,48 10,03
M No 2,02 0,34 0,19 8,80
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3.4.3 Regression Analysis of Research Results on Tribological

Characteristics

Experimental studies yielded the tribological characteristics of coatings with
a discrete structure as structural, technological, and operational factors were varied
in accordance with the experimental design (Table 3.6).

Based on the obtained results, dependencies of wear rate and coefficient of
friction were plotted in accordance with the working matrix of the experimental
design.

The experimental results are presented in Figs. 3.23-3.31 as dependencies of
wear rate and coefficient of friction for various coating materials, sliding speeds,
and lubrication conditions.

The dependence of wear intensity I, on specific load for the SP-1 coating in
AMG-10 lubricant (Fig. 3.23) exhibits a “threshold” character. According to X-ray
structural analysis, a stable secondary structure forms on the surface during

friction, the tribological characteristics of which change sharply at Peit > 3.5 MPa.

P ¢$-v= 03 mfb; [
2 e Wy QS e

I 10”, kg-cm 2 per 1,000 m
|

Fig. 3.23. Dependence of wear rate |, and coefficient of friction p for the
SP-1 coating on specific load Psyec, MPa (AMG-10 lubricant)
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Fig. 3.25. Dependence of wear rate I, and coefficient of friction p on
specific load Pgyec for coating SP-1 (Svinzol-01 lubricant)
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The tribological characteristics of the coatings were determined for various
lubricants, sliding speeds, and specific loads. Of the coatings studied, coating M,
showed the best results (Figs. 3.27-3.31). The two-layer M2 coating consists of a
first layer of SP-2 and an outer layer made of the base material—BrAZhMts 10-3-
1.5 bronze. The friction surface of this coating is free of gouges, cracks, and wear
marks, which, in our opinion, is the result of the formation of wear-resistant zones
based on manganese (Mn) and nickel (Ni) and is confirmed by micro-X-ray
structural analysis data. The values of tribotechnical characteristics according to
the experimental plan are given in Table 3.8. A more complete and accurate

assessment of the relationship between tribotechnical characteristics and design,
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technological, and operational factors is provided by regression analysis of the
experimental results. The models were calculated using the PRIAM software
package [367]. Based on the results of the regression statistical analysis, the
dependencies of wear rate and coefficient of friction on the variable factors were
obtained (Table 3.6, Table 3.7):

Y, =0,0670 —0,0984x3 +0,1369% X —0,0775xx3 — 0,0653x5X: +

+0,0449x3x +0,0326%,X; — 0,0384%3X,; ©9
Y, =0,0805 + 0,—141x] +0,0081x5X,, (3.4)
Table 3.8
Tribological characteristics
Intensity of wear of coatings,
l. = 107° kg-cm™2 per Coefficient of friction, x
1,000 m of track
Yu Y12 Ya1 Y22
4,02 4,081 0,312 0,299
0,038 0,046 0,0684 0,0715
0,160 0,134 0,0921 0,0973
4,05 4,102 0,29 0,32
0,0180 0,0130 0,0715 0,0705
0,0182 0,0131 0,0926 0,0957
0,054 0,058 0,087 0,0852
0,024 0,034 0,0763 0,071
0,130 0,146 0,08 0,085
0,10 0,094 0,09 0,086
0,0089 0,011 0,0571 0,055
0,02 0,018 0,0882 0,0863
0,304 0,296 0,0842 0,0865
0,024 0,03 0,0623 0,0658
0,016 0,021 0,0871 0,085
0,052 0,044 0,091 0,0907
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Formulas for converting from encoded coordinates to natural coordinates:

x, =0,8235(X,; —1,2143);
X, =0,9333(X,, —1,07143);
X5 =3,448(X3 —0,1576 X Z —0,5361X, — 0,0385);
X3 =3,5272(X 3 —0,1749X 2 —0,5661X 5 + 0,2462);
X, =5,1603(X, —0,2812);
x2 =1,7976(X 2 —0,1387 X, — 0,3049);
X3 =3,9117(X3 —0,2789X 2 —0,5082X , + 0,0427);
xZ =1,6942(XZ —0,0704 X — 0,3815);

xS =3,344(X2 —0,0264X2 —0,6578X 5 —0,0167);
xZ =1,5037(XZ —0,0197 X ; — 0,3546);

Xg = 2,9362(X ¢ +0,0745X 2 —0,6183X 5 — 0,0334).

The obtained relationships were tested for validity, reproducibility, and
informativeness using criteria from mathematical statistics [368]. A graphical
analysis of the response surface reveals a significant influence of the factors on the
dependent variables (Figs. 3.32 and 3.33).

Fig. 3.32. Response curve of wear rate Iw as a function of operating current
lw and electrode oscillation amplitude A
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Fig. 3.33. Response curve of wear rate Iw as a function of sliding speed V
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3.4.4. Multi-criteria optimization of electric spark alloying and the role

of coating thickness

The task is to perform multi-criteria optimization by determining a specific
compromise point that will equally satisfy all requirements (a Pareto optimal
solution). Coating thickness plays a significant role in the optimization of the
electric spark alloying process. Analysis of the results of defect detection in bronze
components of aviation equipment during major repairs showed that in most cases,
the wear value lies within the range of 0.2-0.4 mm [131]. Therefore, it is necessary
to assess the role of coating thickness heos In ensuring tribological characteristics
under operating conditions.

Coating thickness hce: ranks seventh among the ranked factors (Fig. 3.22).
Including coating thickness hc: in the design matrix increased the number of
required experiments. Therefore, a separate experiment was conducted to
determine the dependence of wear rate 1, on coating thickness he.at While holding
other ranked factors constant. The results are shown in Fig. 3.34. For SP-1 and SP-
2 coatings to function properly, their thickness must not exceed 0.6 mm. The M,

coating exhibits high scratch resistance due to its outer plastic layer. This allows
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the M, coating to be applied at a thickness of up to 0.8 mm without compromising
performance.
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Fig. 3.34. Relationship between wear rate 1,,and coating thickness
Neoat (V = 0.2 m/s, Pgeec = 15 MPa, lubricant — Svinzol -01)

Table 3.9 presents the results of multi-criteria optimization.

Table 3.9
Results of multi-criteria optimization
Independent variables Dependent variables
' I, 10 ~°kg-cm 2

Coating Lubricant | I, 4 v, A, mm Popec J u
material m/s MPa | per 1000 m

M, No 1,31 0,35 | 0,31 4 0,43 0,1025

M, N; 209 0,2 | 0,48 15 0,18 0,075

M, \P 2,41 | 0,3 0,3 12 0,2 0,08

3.5. Using electrospark coatings in the restoration of bronze parts of

vehicles

Significant savings in bronze consumption can be achieved by using electro-
spark coatings both in the restoration of worn bronze parts and in the manufacture

of new parts. The previous section (Section 3.2) demonstrated the effectiveness of
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using EIL coatings. Further expansion of the scope of application of electro-spark
coatings opens up opportunities for the use of composite electrode materials.
Fig. 3.35 shows the results of microhardness measurements of electric spark

coatings on BrAZ-type bronze.
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Fig. 3.35. Variation in microhardness with coating thickness

A composite electrode material with the composition (TiB,+TiC)+NiCr was
used. However, a more radical solution is to replace the bronze with an aluminum
alloy with a discrete coating.

Fig. 3.36 shows the results of comparative friction and wear tests of
commercial bronze and two industrial aluminum alloys. The latter were tested in
two variants: in their as-received condition (uncoated) and with a discrete coating
applied using a copper electrode via the electric spark alloying method. The
coverage of the discrete coating is 65%.

The friction test conditions are identical (pressure, speed, duration,
lubrication, counterbody—cast iron). Standard bronze is used as the reference for
wear and friction coefficient.

As shown in Fig. 3.36, discrete coatings on Al alloys reduce wear by 30%
compared to bronze, and the coefficient of friction by a factor of 2. It should be
noted that replacing bronze with a coated Al alloy results in a threefold reduction
in part weight. With a reduced coefficient of friction, Al alloys with discrete

coatings can operate without lubrication.
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Fig. 3.36. Results of comparative friction and wear tests
of standard bronze and industrial aluminum alloys without coatings
and with discrete-structure coatings

Future development prospects include the application of solid lubricant
coatings on aluminum alloys and the creation of “dry” friction units that do not
require the costs associated with a continuous liquid lubrication system. This is a

promising solution for the machine-building industry.

Conclusions on Chapter 3

Surface coating design is a promising area of surface engineering. A classic
example of a structured surface in the form of natural discontinuities in the coating
is the electrospark alloying (ESA) technology, which provides a change in
continuity in the range of 40-100% depending on the ESA process parameters and
the composition of the electrode material.

Another variant of a structured surface for an electrospark coating is the
creation of a globular structure formed on the surface of structural alloys during

electrospark alloying with a composite ceramic, the main component of which is
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poorly wetted by the material of the surface being strengthened (the substrate) and
enriches the globule. Globules of increased hardness (5...10 GPa) up to 50...100
um in height occupy 30...50% of the surface, depending on the spark alloying
mode and the composition of the alloying electrode material.

The discreteness of the surface structure can be achieved not only in the
form of globules or an intermittent electrospark layer with adjustable discontinuity,
but also in the form of depressions (pores) created on the coated surface (e.g., by
laser treatment), the depth of which exceeds the thickness of the deposited layer.

In all cases, the discreteness of the structure of electro-spark coatings ensures a
significant improvement in their tribological characteristics compared to
continuous coatings.

There is a complex of reasons for the significant improvement in the
tribological characteristics of discrete coatings compared to continuous ones:
minimization of the stress-strain state; increased adhesive and cohesive strength of
coatings, especially under high contact loads; reduced tensile stresses; the presence
of reservoirs in the form of discontinuities, intergranular regions, and pores for
trapping solid lubricants, including abrasive wear particles; improved heat
dissipation from the sliding surface.

A new promising direction in the development of discrete coatings with
enhanced wear resistance under “dry” friction conditions is the electric spark
alloying of alloys with composite ceramics. By selecting the composition of the
electrode material, it is possible not only to suppress the electro-erosion of the
cathode during the coating process, but also to significantly (by a factor of 5 to 10)
increase its hardness compared to the surface being strengthened (the substrate), as
well as control the composition (and, accordingly, the properties) of the polyoxide
tribofilm on the wear surface, which acts as a solid lubricant.

Surface structuring for the purpose of strengthening it is the main direction

of research in the field of technology for creating various types of coatings.
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CONCLUSION

The improvement of internal combustion engines of vehicles is associated
with an increase in operational characteristics: pressure in the combustion
chamber, crankshaft speed, and specific power per unit of engine mass.

Boosting internal combustion engines is also possible through the use of
forced induction in the combustion chamber, particularly turbocharging. The
increasing complexity and severity of operating conditions, particularly the rise in
dynamic loads, necessitates a reduction in component weight. Therefore,
preference is given to the use of lightweight and high-strength metals and alloys as
structural materials. High specific strength and low specific weight have led to the
widespread use of aluminum alloys in engine manufacturing. However, the
effectiveness of their use depends on improving the functional properties of
component surfaces.

The requirements for high technological performance in the production of
internal combustion engines for vehicles are determined by: the optimal selection
of structural materials and processing technologies; a favorable combination of
anti-friction and mechanical properties, manufacturability, and cost.

Given the market economy and Ukraine’s dependence on imports, electric
spark alloying is the most suitable technology for industrial use. It is most effective
for applying coatings with a discrete structure and enhanced thermomechanical
stability to aluminum alloys in the manufacture of internal combustion engine
pistons and plain bearings. For Ukraine, the replacement of bronzes and babbit
with aluminum alloys featuring coatings in sliding bearings is a pressing issue.

A review of the literature indicates the potential of using electric spark
alloying technology to improve the performance of pistons and other internal
combustion engine components.

Taking into account the selectivity of wetting of the electroerosion products
by the base material, the factors influencing coating formation have been grouped

into three main stages of the electric spark alloying process: anode electroerosion,
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physicochemical interaction of erosion products in the interelectrode gap, and in
the contact zone.

A physicochemical model of electric spark alloying of aluminum alloys
using a compact electrode is proposed, based on the selection of the structural
components of the electrode material and on the selectivity of wetting by the
aluminum alloy of the alloying components responsible for the microstructure
formation of the alloyed layer.

The design of coating surfaces during the electrospark alloying process is a
promising area of surface engineering. Electrospark alloying technology is a
classic example of creating a structured surface in the form of natural
discontinuities in the coating. In electrospark alloying, the change in coating
continuity ranges from 40% to 100%, depending on the process parameters and the
composition of the electrode material.

Another option for structured electrospark coating surfaces is to create a
globular structure, Globules of increased hardness (5...10 GPa) with a height of up
to 50...100 um occupy 30...50% of the surface being strengthened, depending on
the spark alloying mode and the composition of the alloying electrode material.

The discrete nature of the surface structure can be achieved not only in the
form of globules or an intermittent electrospun layer with adjustable discontinuity,
but also in the form of depressions (pores) created on the coated surface (for
example, by laser treatment), the depth of which exceeds the thickness of the
deposited layer. In all cases, the discrete nature of the structure of electrospark
coatings ensures a significant improvement in their tribological characteristics
compared to continuous coatings.

There is a complex set of reasons for the significant improvement in the
tribological characteristics of discrete coatings compared to continuous ones:
minimization of the stress-strain state; increased adhesive and cohesive strength of
the coatings, especially under high contact loads; reduction of tensile stresses/

Surface structuring for the purpose of strengthening it is the main focus of

research in the field of coating technology.
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