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STATE-OF-THE-ART OF THE FLAME-SPRAYING
TECHNOLOGY OF COMPOSITE COATINGS
IN GLOBAL PRACTICE

This review presents a systematic analysis of recent studies (primarily, in 2019-2025,
with reference to foundational earlier works) concerned with flame spraying of com-
posite coatings, with an emphasis on the underlying physical mechanisms governing
structure formation and service properties. Flame spraying is considered as complex
multiphysics process involving coupled heat and mass transfer, gas dynamics, phase
transformations, and mechanical deformation of particles during their interaction with
the substrate. The analysis demonstrates that the physical state of particles, namely,
temperature, velocity, and degree of melting, plays a decisive role in splat formation,
development of interlamellar boundaries, and porosity evolution, which collectively de-
termine the microstructure of flame-sprayed coatings. As shown, microstructure acts
as a key link between process parameters and macroscopic properties, including adhe-
sion strength, mechanical and tribological behaviour, damping capacity, and fatigue
durability. Special attention is paid to the functional role of interlamellar boundaries
and pores, which, beyond being structural defects, serve as dominant sources of inter-
nal friction and mechanical-energy dissipation under cyclic and dynamic loading. The
review highlights the inherent trade-offs between hardness, wear resistance, adhesion
reliability, residual stresses, and damping properties, emphasising the necessity of
a physically grounded compromise-based design approach. The prospects for further
development of flame-spraying technology are discussed in the context of in situ diag-
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nostics, numerical modelling, multiscale analysis, and physics-based process control.
These approaches enable the transition from empirical-parameter selection toward pre-
dictive design of composite and multilayer coatings with tailored and reproducible
properties, expanding the application of flame-sprayed coatings in modern engineering
systems from the physical-science perspective.

Keywords: flame spraying, composite coatings, microstructure formation, thermophy-
sical and kinetic processes, adhesion strength and porosity.

1. Infroduction

Flame spraying remains one of the most widely used thermal spray tech-
niques for producing protective and functional coatings in mechanical en-
gineering, power generation, and the metallurgical industry [1-3].
Contemporary review studies emphasise the technological flexibility of
this method and its capability to provide enhanced corrosion resistance,
oxidation stability, and wear protection under severe service conditions
[2, 38]. At the same time, the evolution of thermal-spray technologies has
led to increasing attention to the physical mechanisms governing coating
formation, rather than solely to technological optimisation [4].

In subsequent studies, particular attention has been devoted to com-
posite and multilayer coatings, which enable the combination of metallic
matrices and reinforcing phases to achieve improved wear resistance and
functional adaptability [56—7]. It has been demonstrated that the perfor-
mance characteristics of such coatings are largely governed by the
thermokinetic state of particles during spraying, including their tempera-
ture, velocity, and degree of melting before impact with the substrate [5,
6]. These parameters influence directly splat formation, interlamellar
bonding, and porosity evolution.

Modern investigations emphasise that flame spraying represents a
complex multiphysics process involving heat and mass transfer, gas dy-
namics, phase transformations, and mechanical deformation [8-10].
Variations in flame jet parameters can affect significantly coating micro-
structure, including density, phase distribution, and the morphology of
interlamellar boundaries [9, 10]. Therefore, a physically grounded analy-
sis of particle heating and motion is required to predict coating structure
and service properties.

A distinct research direction focuses on the analysis of microstructural
factors determining the functional properties of flame-sprayed composite
coatings. According to the findings reported in Refs. [11, 12], the porosi-
ty and morphology of interlamellar boundaries exert a decisive influence
not only on mechanical strength and wear resistance but also on the ther-
mal, electrical, and damping characteristics of coatings. As emphasised,
the microstructure is formed as a result of the combined action of thermal
and dynamic factors acting on particles during the spraying process.
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In recent years, considerable attention has also been focused to the is-
sue of adhesion strength of flame-sprayed coatings. Studies reported in
Ref. [13] have shown that adhesion is formed through mechanical inter-
locking, plastic deformation of particles, and, in some cases, metallurgical
interaction at the coating—substrate interface. The physical nature of
these processes is closely related to the kinetic energy of particles and
heat-transfer conditions in the contact zone. Insufficient adhesion strength
remains one of the primary causes of coating failure during service, which
determines the relevance of systematic analysis of it.

Additional interest in contemporary research is associated with the
investigation of the damping properties of flame-sprayed composite coat-
ings. According to data presented in Refs. [14, 15], the presence of metal-
lic matrices with reduced elastic modulus, interlamellar boundaries, and
porous structures contributes to an increased ability of coatings to absorb
mechanical energy and reduce vibration levels. Damping is considered to
result from internal friction and microplastic deformation arising under
cyclic loading, making this aspect particularly important for dynamically
loaded components and structures.

Despite the substantial number of publications concerned with indi-
vidual aspects of flame spraying, there remains a need for a comprehen-
sive review analysis focused on the physical mechanisms governing the
formation of the structure and properties of composite coatings. Most
studies address individual process parameters or specific coating proper-
ties, whereas systematic consolidation of contemporary results from the
standpoint of process physics is still insufficiently represented in the sci-
entific literature.

The present review article aims to summarise and analyse contempo-
rary studies (2019-2025) concerned with flame spraying of composite
coatings, with emphasis on the physical processes of particle heating and
motion, microstructure and porosity formation, adhesion strength, damp-
ing behaviour, and service performance of coatings. The presented review
seeks to identify the key relationships determining the properties of flame-
sprayed coatings, as well as to outline promising directions for further
research in this field.

2. Current State of Research on Flame-Spraying Processes
and Regimes for Composite Coatings

2.1. Evolution of Flame Spraying: From a Technological
Technique to a Physically Controlled Process

For a long period of time, flame spraying was regarded primarily as a
technological method for producing protective and functional coatings,
where process regimes were selected mainly on an empirical basis. Early
investigations focused on achieving the required coating thickness and
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Fig. 1. Schematic evolution of flame spraying from empirical process control to phy-
sics-based coating design based on generalised literature data [16]

macroscopic properties, whereas the physical mechanisms of particle heat-
ing, acceleration, and interaction with the substrate were analysed to a
limited extent. However, contemporary studies interpret increasingly
flame spraying as a physically controlled process governed by coupled heat
transfer, gas-dynamic effects, and interfacial phenomena [16, 17]. The
general evolution of flame-spraying approaches, from empirical optimisa-
tion toward physics-based control, is schematically illustrated in Fig. 1.

Recent investigations demonstrate that the physical state of particles
within the flame jet, namely, their temperature, velocity, and degree of
melting, plays a decisive role in splat formation and interlamellar bonding
[18]. The implementation of in situ diagnostic systems has enabled real-
time measurement of particle parameters, providing quantitative data for
process optimisation [19]. Furthermore, the integration of experimental
diagnostics with numerical modelling contributes to the transition toward
predictive design of coating microstructure and performance [20].

In studies published during 2019-2025, flame spraying is regarded
increasingly as a controllable physical system, whose parameters can be
purposefully optimised to produce coatings with tailored microstructure
and functional properties [1, 7]. Contemporary investigations confirm
that even minor variations in particle temperature and velocity within the
flame jet may lead to significant changes in coating density, interlamellar
bonding characteristics, and phase composition [3, 9]. These effects are
particularly pronounced in composite systems, where differences in ther-
mophysical properties of metallic matrices and reinforcing phases inten-
sify the complexity of heat transfer and solidification processes [6].

A substantial contribution to the development of a physically ground-
ed approach has been made by the implementation of advanced process
diagnostics. Experimental studies demonstrate that in situ measurements
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of particle temperature and velocity using optical and pyrometric tech-
niques provide quantitative real-time data on particle state and process
stability [18, 19]. These data serve as a basis for constructing numerical
models describing particle heating, acceleration, impact, and phase trans-
formations during spraying [11, 20].

The rapid advancement of numerical modelling has further strength-
ened the scientific foundation of flame spraying. Modern simulation ap-
proaches account for the interaction of thermal, gas-dynamic, and me-
chanical factors and enable prediction of particle state as a function of
process parameters and powder characteristics [16, 17]. This creates a
transition from qualitative empirical descriptions toward quantitative
prediction of coating structure and performance.

Thus, analysis of contemporary publications indicates that flame
spraying is transforming from a traditional technological technique into a
physically controlled process for the formation of functional surface lay-
ers [1, 7]. In this framework, coating microstructure is considered the re-
sult of purposeful control over particle heating, motion, deformation, and
solidification processes.

2.2, Contemporary Regimes and Parameters
of Flame Spraying of Composite Coatings

During 2019-2025, scientific publications have paid considerable atten-
tion to the analysis of flame-spraying parameters and their influence on
the formation of microstructure and properties of composite coatings.
Contemporary studies emphasise that the key factors determining the
spraying outcome include particle temperature and velocity, gas composi-
tion and flow rates, flame jet geometry, as well as the thermophysical
properties of powder materials [7, 8].

According to the results of a number of studies, particle temperature
and velocity within the flame jet are interrelated parameters that define
the thermodynamic state of particles at the moment of impact with the
substrate [3, 9]. It has been shown that variations in combustion regimes
and gas-flow rates lead to substantial changes in the thermal balance of
particles, which affect their degree of melting and deformation behaviour
upon impact [10, 11]. For composite powders, these effects are further
intensified due to differences in heat capacity and thermal conductivity of
the constituent phases.

Modern investigations demonstrate that the distributions of particle
temperature and velocity within the flame jet are statistical in nature and
exhibit significant scatter even under fixed spraying regimes [12]. This
results in the simultaneous presence of fully molten, partially molten, and
solid particles in the deposition zone, which is considered one of the main
causes of microstructural heterogeneity in flame-sprayed coatings [13]. In
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this regard, recent studies emphasise the necessity of a comprehensive
consideration of both thermal and gas-dynamic process parameters.

A separate research direction is associated with the influence of pow-
der granulometric composition and morphology on the stability of the
spraying process. Several studies have shown that the use of agglomerated
and compositionally modified powders allows a reduction in the scatter of
particle temperatures and an improvement in the reproducibility of coat-
ing microstructure [12]. Such powders ensure more uniform particle heat-
ing and motion within the flame jet compared to mechanical mixtures,
which is particularly important for the formation of composite coatings
with tailored properties.

Significant attention in recent publications is paid to the problem of
particle oxidation during atmospheric flame spraying. Studies reported in
Refs. [10, 14] have established that the formation of oxide interlayers be-
tween splats has a substantial impact on the mechanical, tribological, and
adhesion properties of coatings. It is emphasised that the degree of oxida-
tion is determined not only by flame composition, but also by the residence
time of particles in the high-temperature zone, as well as by their size and
velocity.

In recent years, methods for monitoring and controlling flame spray-
ing parameters have been actively developed. The use of in situ diagnos-
tics of particles’ temperature and velocity is regarded as an effective tool
for stabilising spraying regimes and improving the reproducibility of coat-
ing properties [11, 14]. Some studies have demonstrated that the combina-
tion of experimental data with numerical modelling enables optimisation
of process parameters and prediction of coating microstructure as a func-
tion of selected spraying regimes [15].

Thus, analysis of contemporary research indicates that the develop-
ment of flame spraying of composite coatings is characterised by a transi-
tion from empirical selection of regimes to physically grounded control of
process parameters. Particles’ temperature and velocity, powder charac-
teristics, and gas-dynamic conditions are considered as interrelated fac-
tors governing the formation of microstructure and service properties of
flame-sprayed coatings [7, 9, 16].

2.3. Main Application Areas of Flame-Sprayed Composite Coatings

Analysis of publications from 2019 to 2025 indicates that the development
of flame spraying has been accompanied by an expansion and diversifica-
tion of application areas for composite coatings. Whereas earlier studies
primarily focused on the formation of protective layers with enhanced
wear and corrosion resistance, contemporary research increasingly ad-
dresses functional coatings, whose properties are purposefully tailored to
specific service conditions [1, 2, 7].
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One of the most traditional and widely represented application areas
remains the use of flame-sprayed composite coatings to improve the wear
resistance of components operating under abrasive, adhesive, and fatigue
wear conditions. Recent studies have shown that the introduction of rein-
forcing phases into the metallic matrix can significantly enhance wear
resistance; however, the effectiveness of such coatings is largely governed
by their microstructure, porosity level, and the nature of interlamellar
boundaries [6, 8, 12]. In this regard, the necessity of a comprehensive ap-
proach to the design of coating composition and structure is emphasised.

In recent years, considerable attention has been paid to flame-sprayed
composite coatings with damping properties intended to reduce vibrations
and absorb mechanical energy in dynamically loaded components.
According to the results reported in Refs. [6, 16], the damping behaviour
of such coatings is determined by a combination of factors, including the
presence of interlamellar boundaries, porous structure, and the use of me-
tallic matrices with reduced elastic modulus. These coatings are regarded
as functional elements capable of simultaneously performing protective
and vibration-damping functions.

A promising direction in contemporary research is the development of
multilayer and functionally graded flame-sprayed coatings. Studies re-
ported in Refs. [17, 18] have shown that distributing functions among
individual layers, such as strengthening, damping, and adhesion layers,
makes it possible to overcome the contradiction between the requirement
for high surface hardness and the need to ensure reliable coating—sub-
strate bonding. This approach opens up opportunities for creating coat-
ings with a balanced set of service characteristics.

Another area of interest in recent publications concerns the applica-
tion of flame-sprayed composite coatings to enhance the thermal and ther-
momechanical stability of components. Studies in Refs. [4, 18] indicate
that control over coating microstructure and phase composition enables
improved performance under cyclic thermal loading, which is particularly
important for components used in power engineering and metallurgical
equipment.

Current trends also point to a growing interest in functionally ori-
ented coatings that combine mechanical, tribological, and physical proper-
ties. Several studies emphasise that flame spraying, owing to its techno-
logical flexibility, represents an effective tool for producing such coatings
tailored to specific operating conditions without the need for substantial
equipment modernisation [2, 7, 16].

Thus, analysis of contemporary research demonstrates that the appli-
cation areas of flame-sprayed composite coatings are significantly expand-
ed and now include not only traditional protective functions but also solu-
tions for vibration damping, durability enhancement, and functional ad-
aptation of surface layers. This underscores the relevance of further de-
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velopment of physically grounded approaches to the design and application
of flame-sprayed composite coatings [1, 2, 7].

3. Physics of Particle Heating and Motion
during Flame Spraying of Composite Coatings

3.1. Particle Heating and Heat—Mass Transfer in the Flame Jet

The physical processes of particle heating and motion within the flame jet
constitute the fundamental basis for the formation of the structure and
properties of deposited coatings. In contemporary research, flame spray-
ing is regarded as a multiphysics process involving heat transfer, gas dy-
namics, phase transformations, and mechanical interaction of particles
with the substrate [13]. The combined action of these processes determines
the thermodynamic state of particles at the moment of impact and, conse-
quently, the nature of formation of the deposited layer.

Recent studies have shown that particle heating within the flame jet is of
non-stationary nature and depends on particle size, their thermophysical
properties, and the trajectory of motion within the hot gas flow [14].
According to the results reported in Ref. [15], fine particles reach the melting
temperature within the short time; however, they are subjected to intensive
oxidation, whereas larger particles may retain a solid or partially molten core.

Investigations presented in Ref. [16] indicate that the distribution of
particle temperatures within the flame jet is broad even under fixed spray-
ing regimes. This results in the simultaneous presence of fully molten,
partially molten, and solid particles in the deposition zone. Such a polydis-
perse thermal regime represents one of the main causes of microstructural
heterogeneity in flame-sprayed coatings. The main stages of particles’
heating, acceleration, and splat formation during flame spraying are sche-
matically shown in Fig. 2.

Flames spray torch

Molten particles
-y

T

l{ Temperature\b = "
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Substrate —

Fig. 2. Schematic representation of particles’ heating, acceleration and interaction
with the substrate during flame spraying [16]
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Modern numerical models of heat transfer confirm that the intensity
of particles’ heating is governed by the balance between convective heat
exchange, thermal conduction within the particles, and the thermal effects
associated with phase transformations [17]. It has also been demonstrated
that variations in flame composition and gas-flow rates make it possible,
within certain limits, to control the thermal state of particles [18, 19].

3.2. Particles’ Motion and Acceleration in the Gas Flow

Along with temperature, particle velocity represents a key parameter gov-
erning the physics of the spraying process. Contemporary studies have
established that particles’ acceleration within the flame jet is determined
by the balance between drag forces, inertia, and interaction with the gas
flow [18]. Particles’ size and density exert a significant influence on their
acceleration behaviour and final velocity.

It has been shown in Ref. [19] that an increase in particle velocity
leads to higher kinetic energy, which promotes more intensive plastic de-
formation of the molten material upon impact with the substrate. This, in
turn, improves splat spreading and contributes to the formation of a dens-
er coating microstructure. However, excessively high particles’ velocities
increase the probability of particles’ rebound and splat fragmentation,
indicating the necessity of optimising spraying regimes [18].

Modern experimental investigations emphasise that particle velocity
is closely related to temperature: particles in a molten state deform differ-
ently from solid state or partially molten particles at the same kinetic en-
ergy [20]. This highlights the necessity of a combined analysis of thermal
and dynamic parameters.

3.3. Particle State upon Impact with the Substrate and Splat Formation

The physical state of particles at the moment of impact with the substrate
is a determining factor in splat formation and the development of interla-
mellar bonding. Studies reported in Ref. [21] have shown that fully molten
particles form thin, well-spread splats with a large contact area, whereas
partially molten particles lead to the formation of heterogeneous and de-
fective structures.

It has been established in Ref. [22] that substrate temperature also
exerts a significant influence on the particles’ spreading process. An in-
crease in substrate temperature reduces the cooling rate of the molten
material, prolongs the spreading time, and promotes improved adhesion
between splats. These effects are particularly pronounced for composite
coatings, where differences in the thermophysical properties of constitu-
ent phases enhance non-uniform solidification.

Modern high-speed visualisation techniques confirm that the splat-
formation process is accompanied by complex hydrodynamic phenomena,
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including the formation of splashes, microcraters, and localised vortex
structures [23]. These processes have a direct impact on the microstruc-
ture and porosity of the coating.

In recent years, methods for in situ diagnostics of particles’ parame-
ters have undergone significant development. Study [24] has demonstrat-
ed that the application of two-colour pyrometry and optical velocity-meas-
urement techniques enables the acquisition of quantitative real-time data
on particles’ temperature and kinematics. This provides a foundation for
physically grounded control of the spraying process.

According to the results reported in Ref. [25], the use of diagnostic
systems allows a substantial reduction in the scatter of coating properties
by stabilising the particle state. The authors emphasise that such methods
represent an essential component of contemporary research and industrial
optimisation of flame spraying.

Analysis of contemporary studies indicates that the physical processes
of particle heating and motion during flame spraying are closely interre-
lated and should be considered in an integrated manner. Particles’ tem-
perature, velocity, and degree of melting determine their deformation be-
haviour upon impact, splat formation, and the development of interlamel-
lar bonding, which ultimately governs the microstructure and properties
of composite coatings [26].

4. Formation of Microstructure and Porosity
of Flame-Sprayed Composite Coatings

4.1. Splat Formation and Its Role in Coating Microstructure

The primary structural element of flame-sprayed coatings is the splat,
which forms as a result of the impact of a molten or partially molten par-
ticle on the substrate surface. Study [27] has shown that splat geometry
and morphology are governed by the temperature and viscosity of the
molten material, as well as by the kinetic energy of particles. Fully molten
particles form thin, well-spread splats with a high degree of interfacial
contact, whereas partially molten particles give rise to heterogeneous
structures containing solid fragments. A generalised lamellar microstruc-
ture with characteristic defects typical for flame-sprayed composite coat-
ings is schematically shown in Fig. 3.

Contemporary studies employing high-speed imaging and numerical
modelling demonstrate that the splat-spreading process is accompanied by
intensive hydrodynamic effects, including the formation of microsplashes,
localised vertical flows, and non-uniform temperature distribution over
the contact surface [28]. These effects have a direct impact on the forma-
tion of interlamellar boundaries and local porosity.

The microstructure of flame-sprayed composite coatings is character-
ised by the presence of pronounced interlamellar boundaries formed as a
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Flattened splat

Inter-layer boundaries Oxide layer

Fig. 3. Generalised lamellar microstructure of flame-sprayed com-
posite coatings, illustrating splats, interlamellar boundaries and
porosity [27]

result of successive deposition of splats. Study [29] has established that
interlamellar boundaries represent regions with reduced density and an
increased concentration of defects, including oxide interlayers and mi-
cropores. These regions play a key role in the formation of the mechanical,
thermal, and damping properties of coatings.

Composite systems are characterised by a complex phase distribution
within individual layers. According to the results reported in Ref. [27],
solid reinforcing particles may be either uniformly distributed within the
metallic matrix or localised in interlamellar regions, depending on parti-
cles’ heating conditions and dynamics. Such phase distribution has a sig-
nificant influence on local stress states and coating failure mechanisms.

4.2. Mechanisms of Porosity Formation

Porosity is one of the most characteristic features of flame-sprayed coat-
ings and is considered in contemporary studies as an inevitable conse-
quence of the physics of the spraying process. Investigations reported in
Ref. [12] have shown that the primary mechanisms of pore formation in-
clude incomplete splat spreading, gas entrapment during melt solidifica-
tion, and the presence of solid or partially molten particles.

Modern quantitative studies indicate that porosity is governed not
only by global process parameters but also by local conditions of structure
formation. Study [28] has demonstrated that increasing particles’ tem-
perature and velocity leads to a reduction in the volumetric fraction of
pores; however, complete elimination of porosity during atmospheric
flame spraying is not possible. It is emphasised that (open or closed) pore
characteristics exert a more pronounced effect on coating properties than
their total content.

The composition of composite powders has a significant impact on the
formation of coating microstructure. Studies reported in Ref. [23] have
shown that differences in the thermophysical properties of the metallic
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matrix and reinforcing phases result in non-uniform particles’ heating
and complex solidification regimes. This may promote the formation of
microcracks and localised stresses in the vicinity of phase boundaries.

It has been noted in Ref. [24] that the use of composite powders with
a pre-formed structure (agglomerated and coated powders) enables im-
proved phase-distribution uniformity and a reduction in coating defective-
ness. This approach is regarded as a promising direction for the formation
of coatings with controlled microstructure.

4.3. Relationship between Microstructure
and Physical and Functional Properties

Contemporary studies emphasise a close relationship between the micro-
structure of flame-sprayed composite coatings and their physical proper-
ties. Study [25] has shown that an increase in structural density and a
reduction in porosity lead to enhanced thermal conductivity and adhesion
strength of the coating. At the same time, the presence of interlamellar
boundaries and pores contributes to increased internal friction, which has
a positive effect on damping properties.

Investigations reported in Ref. [16] indicate that the optimal micro-
structure of flame-sprayed composite coatings represents a compromise
between density, adhesion, and the ability to absorb mechanical energy.
This highlights the necessity of a physically grounded approach to control-
ling the processes governing microstructure formation.

Thus, analysis of studies published during 2019-2025 demonstrates
that the microstructure and porosity of flame-sprayed composite coatings
are formed under the influence of a complex set of interrelated physical
processes. Control over particle heating and motion parameters, as well as
powder composition, enables purposeful tailoring of coating structure and
adaptation of its properties to specific service conditions [27].

5. Materials for Strengthening Layers
of Composite Flame-Sprayed Coatings

In contemporary studies of flame-sprayed composite coatings, materials
used for the strengthening layer are regarded as one of the key factors
determining the service performance of coatings. Analysis of the litera-
ture indicates that the selection of the strengthening layer composition
should be carried out with consideration of operating conditions, wear
mechanisms, and requirements for the combined mechanical and function-
al properties of the coating [2, 7, 12].

In most studies, the strengthening layer is formed on the base of a
metallic matrix with the introduction of dispersed reinforcing phases [30].
Nickel-, iron-, copper-, and aluminium-based alloys are most widely used
as matrix materials, as they provide sufficient plasticity, good adhesion to
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Fig. 4. Classification of materials used for strengthening layers in flame-sprayed com-
posite coatings [18]

the substrate, and the ability to form a dense structure during flame
spraying [8, 9, 16]. The choice of a specific matrix is determined by ser-
vice temperature conditions, corrosion resistance requirements, and com-
patibility with the substrate material [28].

Carbides, borides, and oxides possessing high hardness and wear re-
sistance are most commonly employed as reinforcing phases in flame-
sprayed composite coatings. Studies reported in Refs. [6, 12, 18] have
demonstrated that the incorporation of tungsten, chromium, and titanium
carbides can significantly enhance resistance to abrasive and adhesive
wear. At the same time, it is emphasised that the effectiveness of strength-
ening is governed not only by the chemical composition of the phases but
also by their size, distribution, and the nature of their interaction with
the metallic matrix.

Special attention in contemporary research is given to the stability of
reinforcing phases during the flame-spraying process. Several studies
have noted that, at high flame temperatures, partial decomposition or
oxidation of carbide and boride phases may occur, leading to changes in
their strengthening effect [10, 19]. In this context, the necessity of opti-
mising spraying regimes and selecting powders with enhanced thermal
stability is emphasised.

A promising direction involves the use of composite and agglomerated
powders, in which reinforcing phases are uniformly distributed within the
metallic matrix already at the material preparation stage [18]. According
to data reported in Refs. [12, 18], such powders ensure a more homogene-
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ous structure of the strengthening layer and reduce the risk of phase seg-
regation during spraying. This contributes to improved reproducibility of
coating properties and stability of their service performance. A general-
ised classification of materials used for strengthening layers in flame-
sprayed composite coatings is schematically shown in Fig. 4.

In recent years, functionally oriented strengthening layers have also
been considered, in which hard phases are combined with matrices exhibit-
ing a reduced elastic modulus or enhanced fracture toughness [30]. Studies
reported in Refs. [25, 28] have shown that this approach enables not only
improved wear resistance but also a reduction in the susceptibility of coat-
ings to brittle failure under dynamic and cyclic loading conditions.

Thus, analysis of the literature indicates that materials for the
strengthening layers of flame-sprayed composite coatings should be re-
garded as elements of an integrated ‘material-process—structure—proper-
ties’ system. Optimisation of the strengthening layer composition, in com-
bination with control over flame spraying parameters, makes it possible to
produce coatings with a tailored set of service characteristics adapted to
specific operating conditions [7, 12, 16].

6. Adhesion Strength and Interfacial Interactions
in Flame-Sprayed Composite Coatings (2019-2025)

6.1. Physical Nature of Adhesion in Flame Spraying

Adhesion strength is one of the key characteristics of flame-sprayed coat-
ings, determining their reliability and durability under service conditions.
Contemporary studies consider adhesion not as a single parameter, but as
the result of the combined action of physical mechanisms occurring at the
coating—substrate interface and within the interlamellar regions of the
coating [27]. In this context, adhesion is closely associated with the ki-
netic energy of particles, their thermal state, the nature of plastic defor-
mation, and heat-transfer conditions in the contact zone.

Contemporary studies have shown that adhesion of flame-sprayed
coatings is formed through several simultaneously acting mechanisms, in-
cluding mechanical interlocking, physical contact accompanied by plastic
deformation, and, in certain cases, metallurgical or diffusion interactions
[28]. The dominant mechanism is governed by particles’ temperature and
velocity, as well as by the condition of the substrate surface.

According to the results reported in Ref. [29], mechanical interlocking
plays the primary role during flame spraying and is associated with pene-
tration of the molten material into the micro-roughness of the substrate
surface. Plastic deformation of particles upon impact contributes to an
increased contact area and the formation of strong interfacial bonds. It is
emphasised that insufficient kinetic energy of particles leads to incom-
plete spreading and a reduction in adhesion strength.
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6.2, Influence of Particle Temperature and Velocity on Adhesion

The thermal state of particles is one of the determining factors governing
adhesion formation. Study [30] has shown that fully molten particles pro-
vide higher adhesion strength compared to partially molten ones, as they
possess a greater ability for plastic deformation and penetration into sub-
strate microroughness.

Particle velocity exerts an equally significant influence. According to
the results reported in Refs. [81], an increase in velocity leads to higher
kinetic energy and intensification of plastic deformation upon impact,
which contributes to improved coating—substrate bonding. However, ex-
cessively high velocities may result in splat fragmentation and the forma-
tion of defective zones, indicating the existence of an optimal range of
process parameters.

Contemporary studies emphasise the importance of substrate-surface
condition for the formation of adhesion strength. Study [32] has estab-
lished that increasing surface roughness promotes adhesion enhancement
due to intensified mechanical interlocking. However, excessive roughness
may lead to local stress concentration and a reduction in interfacial bond
strength.

Some studies have shown that thermal and mechanical pre-treatment
of the substrate prior to spraying affects heat transfer in the contact zone
and the solidification rate of the molten material [33]. This, in turn, influ-
ences the nature of interfacial bond formation and the level of residual
stresses [34].

The adhesion strength of flame-sprayed coatings is closely related to
the level of residual stresses formed during the spraying process. Studies
reported in Ref. [34] have shown that residual tensile stresses may pro-
mote coating delamination, whereas moderate compressive stresses, by
contrast, enhance the stability of interfacial bonding.

Composite coatings are characterised by a complex stress distribution
at phase boundaries. Study [35] has established that differences in the co-
efficients of thermal expansion between the metallic matrix and reinforc-
ing phases lead to localised stresses, which may either enhance or weaken
adhesion strength, depending on the microstructure and spraying condi-
tions.

6.3. Methods for Evaluating Adhesion Strength

Contemporary methods for evaluating the adhesion of flame-sprayed coat-
ings include pull-off, shear, and bending tests, as well as instrumental
techniques for fracture analysis [36]. Recent studies emphasise that inter-
pretation of adhesion test results should account for microstructural fea-
tures of the coating and the fracture mode, namely, cohesive or adhesive
ones [27, 33].
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Study [37] has demonstrated that the combined use of mechanical test-
ing and microstructural analysis enables a more accurate assessment of
the physical mechanisms governing interfacial bond failure. This inte-
grated approach is regarded as the most promising for the analysis of ad-
hesion in composite coatings.

Contemporary studies indicate that adhesion strength has a direct in-
fluence not only on the mechanical reliability of coatings but also on their
functional properties. Study [38] has demonstrated that high adhesion
promotes more effective load transfer and reduces local stress concentra-
tions, which has a positive effect on the damping characteristics of the
coating.

Investigations reported in Ref. [39] emphasise that the use of damping
interlayers can simultaneously enhance adhesion strength and reduce the
level of residual stresses. This makes integrated analysis of adhesion and
damping particularly relevant for multilayer and composite flame-sprayed
coatings.

Thus, contemporary studies (2019-2025) confirm that the adhesion
strength of flame-sprayed composite coatings is formed under the influ-
ence of a set of interrelated physical factors. Control over particle tem-
perature and velocity, substrate surface condition, and coating micro-
structure enables purposeful enhancement of adhesion and reliability of
deposited layers.

7. Damping Materials and Impact
Energy Absorption in Composite Coatings

7.1. Physical Nature of Damping in Composite Coatings

In recent years, the damping properties of flame-sprayed composite coat-
ings have attracted increasing attention from researchers due to the need
to enhance vibration resistance and service life of components operating
under cyclic and dynamic loading conditions [39]. Unlike conventional
protective coatings, damping coatings are considered functional elements
capable of effectively absorbing and dissipating mechanical energy through
internal friction mechanisms and microplastic deformation [40]. The vi-
bration-damping mechanism provided by composite flame-sprayed coat-
ings is schematically illustrated in Fig. 5.

Recent studies indicate that damping in flame-sprayed composite coat-
ings is governed by a combination of several physical mechanisms. It has
been established in Ref. [41] that the primary sources of energy absorp-
tion include internal friction within the metallic matrix, microplastic de-
formation in the vicinity of interlayer boundaries, and energy dissipation
at structural defects such as pores and microcracks.

For composite systems, an additional contribution to damping arises
from the presence of phases with different elastic moduli. According to
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Fig. 5. Schematic illustration of vibration damping effect provided by composite
flame-sprayed coatings [40]

the results reported in Ref. [42], differences in the deformation behaviour
of the metallic matrix and the reinforcing phases lead to the development
of local stresses and microsliding at phase interfaces, which is accompa-
nied by enhanced dissipation of mechanical energy.

7.2, Role of Microstructure and Porosity in Damping

The microstructure of flame-sprayed coatings plays a decisive role in de-
termining their damping characteristics. Studies reported in Ref. [43]
have shown that an increase in the volume fraction of pores and interlayer
boundaries leads to a higher internal friction coefficient, as these struc-
tural features act as zones of strain localisation under cyclic loading
conditions.

However, recent investigations emphasise that excessive porosity may
adversely affect the mechanical strength and adhesion reliability of the
coating. It was established in Ref. [44] that optimal damping properties
are achieved with a compromise microstructure combining moderate
porosity with sufficient density and strength of interlayer bonding.

Particular attention is paid to the role of interlayer boundaries.
According to the results presented in Ref. [45], interlayer boundaries
serve as the primary sites of energy dissipation under vibrational load-
ing. Moreover, it has been demonstrated that the nature of these
boundaries, including the presence of oxide interlayers, microrough-
ness, and differences in splat orientation, significantly influences the
magnitude of the damping effect.

The composition of composite coatings has a significant effect on
their energy absorption capability. As shown in Ref. [46], metallic ma-
trices with a reduced elastic modulus, such as copper-, aluminium-,
and nickel-based alloys, exhibit higher damping characteristics com-
pared to stiffer matrix materials.

The introduction of reinforcing phases, on the one hand, enhances
the stiffness and wear resistance of the coating, while, on the other
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hand, it may reduce its damping performance. According to the results
reported in Ref. [37], optimal damping properties are achieved at a
moderate content of hard particles, where the ability of the metallic
matrix to undergo microplastic deformation is preserved.

Recent studies also demonstrate the effectiveness of multilayer and
graded coatings. It was established in Ref. [38] that the presence of a
damping interlayer between a rigid surface layer and the substrate
makes it possible to reduce significantly vibration levels, while improv-
ing simultaneously the adhesion reliability of the coating.

The parameters of flame spraying have a direct influence on the
damping properties of coatings. Studies reported in Ref. [39] have
shown that particles’ temperature and velocity determine the degree of
plastic deformation and the nature of interlayer boundary formation,
which, in turn, affect internal friction.

It was established in Ref. [47] that a reduction in particles’ kinetic
energy leads to increased porosity and enhanced damping, but it is ac-
companied by a decrease in coating strength. This highlights the need
for a physically justified selection of spraying regimes that ensures an
appropriate balance between damping performance and mechanical re-
liability.

7.3. Methods for Evaluating Damping Properties

Modern methods for evaluating the damping properties of flame-
sprayed coatings include dynamic mechanical spectroscopy, resonance
techniques, and vibration loading tests [48]. Recent studies emphasise
that correct interpretation of damping test results requires considera-
tion of the microstructural features of the coating and the conditions
of attachment of it to the substrate.

It has been shown in Ref. [49] that a comprehensive approach com-
bining mechanical testing, microstructural analysis, and modelling
enables a deeper understanding of the physical mechanisms of energy
dissipation and facilitates optimisation of the composition and struc-
ture of composite coatings.

Recent studies emphasise a close relationship between damping
properties, adhesion strength, and the durability of flame-sprayed
coatings. It was established that coatings exhibiting pronounced damp-
ing behaviour demonstrate higher resistance to fatigue failure due to a
reduction in the amplitude of local stresses [46].

Studies reported in Ref. [50] have shown that the application of
damping interlayers contributes to a reduction in residual stresses and
enhances the resistance of coatings to delamination under cyclic loading.
This makes damping an important functional parameter in the design
of composite flame-sprayed coatings for dynamically loaded systems.
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Thus, an analysis of studies published between 2019 and 2025 indi-
cates that the damping properties of flame-sprayed composite coatings
are governed by a combination of physical factors, including microstruc-
ture, composition, and spraying parameters. Targeted control of these
parameters opens up opportunities for the development of functional
coatings that combine protective and vibration-absorbing properties [51].

8. Mechanical and Tribological Properties
of Flame-Sprayed Composite Coatings

8.1. Hardness, Wear Resistance and Elastic Modulus

The mechanical and tribological properties of flame-sprayed composite
coatings are key indicators of their service performance and determine
largely their areas of practical application. Contemporary studies con-
sider these properties as the result of complex interactions between
microstructural factors, phase composition, and spraying parameters,
highlighting the need to analyse them from the standpoint of deforma-
tion and fracture physics of materials [44].

Hardness is one of the most commonly used characteristics for
evaluating the mechanical properties of flame-sprayed coatings. Studies
reported in Ref. [46] have shown that the hardness of composite coat-
ings is determined not only by the content of reinforcing phases but
also by structural density, degree of porosity, and the nature of inter-
layer boundaries. It has been established that an increase in the frac-
tion of hard inclusions leads to higher microhardness, but is accompa-
nied by a reduction in coating plasticity.

Recent investigations employing micro- and nanoindentation tech-
niques demonstrate that the elastic modulus of flame-sprayed coatings
is significantly lower than that of bulk materials with a similar compo-
sition [42]. This is attributed to the presence of pores, interlayer
boundaries, and structural defects, which reduce the effective stiffness
of the material. This effect is considered as one of the factors contrib-
uting to the enhanced damping properties of the coatings.

Wear resistance is one of the key service characteristics of flame-
sprayed composite coatings. Studies reported in Refs. [43, 44] have
shown that the wear mechanisms of such coatings depend on the type
of contact interaction, loading conditions, and microstructural fea-
tures of the coating. Composite systems are typically characterised by a
combination of abrasive, adhesive, and fatigue wear mechanisms.

According to the results presented in Ref. [45], an increase in hard-
ness and structural density contributes to a reduction in the intensity of
abrasive wear. However, excessive enhancement of coating stiffness may
lead to brittle fracture of interlayer boundaries and accelerated wear un-
der impact and cyclic loading conditions. The generalised wear behaviour
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Fig. 6. Conceptual illustration of wear behaviour of coated and uncoated surfaces [45]

of coated and uncoated surfaces under different loading conditions is sche-
matically illustrated in Fig. 6.

Studies reported in Ref. [42] emphasise that optimal wear resistance is
achieved through a balanced combination of hard reinforcing phases and a
ductile metallic matrix capable of absorbing part of the mechanical energy
and inhibiting crack propagation.

8.2. Influence of Microstructure
on Tribological Behaviour

The microstructure of flame-sprayed coatings plays a decisive role in de-
termining their tribological characteristics. Studies reported in Ref. [51]
have shown that porosity and interlayer boundaries can play a dual role:
on the one hand, they act as stress concentrators and sources of damage,
while, on the other hand, they promote the retention of wear debris and
the formation of secondary tribolayers.

It was established in Ref. [42] that the presence of secondary tribolay-
ers on the coating surface can reduce the coefficient of friction and stabi-
lise the wear process. These layers are formed as a result of oxidation and
mechanical mixing of coating components within the friction zone and
depend on the conditions of contact interaction.

Recent studies emphasise a close relationship between adhesion
strength, residual stresses, and the mechanical properties of flame-sprayed
coatings. It was shown in Ref. [33] that insufficient adhesion leads to pre-
mature coating delamination and a sharp decrease in wear resistance, even
in the presence of high surface hardness.

Residual stresses formed during the spraying process have a signifi-
cant effect on the fatigue strength of coatings. According to the results
reported in Ref. [45], moderate compressive stresses enhance resistance to
crack initiation, whereas tensile stresses promote rapid crack propagation
and degradation of interlayer bonding.
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In recent years, increasing attention has been paid to the fatigue be-
haviour of flame-sprayed composite coatings, particularly, in the context
of their application in dynamically loaded components. Studies reported in
Ref. [25] have shown that the fatigue durability of coatings is governed by
a combination of factors, including microstructure, adhesion, residual-
stress level, and damping properties.

It was established in Ref. [46] that coatings exhibiting pronounced
damping properties demonstrate enhanced resistance to fatigue failure
due to a reduction in the amplitude of cyclic stresses. This confirms the
importance of a comprehensive approach to the design of composite flame-
sprayed coatings.

Recent studies emphasise the necessity of a comprehensive evaluation
of the mechanical and tribological properties of flame-sprayed coatings. It
was shown in Refs. [46, 47] that optimisation of a single parameter, such
as hardness, does not guarantee improved service reliability of the coating
without considering adhesion, residual stresses, and damping characteristics.

Thus, an analysis of publications from 2019 to 2025 indicates that the
mechanical and tribological properties of flame-sprayed composite coatings
are governed by a complex set of interrelated physical factors. Control of
microstructure, phase composition, and spraying parameters enables the tar-
geted development of coatings with tailored service characteristics [48, 51].

9. Discussion and Prospects for the Development
of Flame Spraying of Composite Coatings

An analysis of recent studies (2019-2025) concerned with flame spraying
of composite coatings indicates that the development of this field is char-
acterised by a gradual transition from empirical selection of technological
parameters to physically grounded control of the processes governing the
formation of coating structure and properties. Contemporary publications
emphasise that the service characteristics of flame-sprayed coatings can-
not be considered in isolation, but are formed as a result of complex inter-
actions among thermal, gas-dynamic, and mechanical factors.

One of the key conclusions drawn from the reviewed studies is the de-
cisive role of the physical state of particles during the spraying process.
Particles’ temperature, velocity, and degree of melting directly affect
splat formation, the development of interlayer boundaries, and coating
porosity. These microstructural features, in turn, determine adhesion
strength, mechanical and tribological properties, as well as the damping
capability of the coatings. Thus, microstructure acts as a linking element
between process parameters and the service performance of the coatings.

Particular importance in recent studies is attributed to understanding
the role of interlayer boundaries. While they were previously considered
primarily as structural defects, recent works emphasise their functional
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significance. Interlayer boundaries and pores may act as zones of stress
concentration and crack initiation; at the same time, they represent the
main sources of internal friction and mechanical-energy dissipation. This
aspect is especially important in the development of damping and vibra-
tion-absorbing coatings intended for operation under cyclic-loading con-
ditions.

An analysis of the literature indicates that optimisation of the proper-
ties of flame-sprayed composite coatings requires a compromise-based ap-
proach. Maximum reduction of porosity and increased structural density
aimed at enhancing hardness and wear resistance may lead to a deteriora-
tion of damping properties and an increase in residual stresses. Conversely,
higher porosity and an increased number of interlayer boundaries promote
improved damping performance, but are accompanied by reduced mechan-
ical strength and adhesion reliability. In this context, the development of
multilayer and graded coatings, in which individual layers perform spe-
cialised functions, represents a promising direction.

Recent studies also emphasise the importance of adhesion strength as
an integral parameter determining the durability of flame-sprayed coat-
ings. Adhesion is formed through a combination of mechanical interlock-
ing, plastic deformation, and thermal effects at the coating—substrate in-
terface. Control of substrate-surface condition, particles’ temperature,
and particles’ velocity enables targeted enhancement of adhesion and re-
duction of the risk of coating delamination during service.

Special attention should be given to the development of in situ diag-
nostic and monitoring methods for the spraying process. The application
of optical, pyrometric, and gas-dynamic techniques for measuring parti-
cles’ temperature and velocity provides opportunities for adaptive process
control and improved reproducibility of coating properties. In the long
term, such approaches may form the basis for the development of digital
twins of flame spraying processes and the integration of artificial intelli-
gence elements into process control.

Recent developments also emphasise the expansion of thermal-spray
technologies toward hybrid manufacturing concepts, including integration
with additive manufacturing platforms [52]. Furthermore, advancements
in warm spraying and modified high-velocity processes demonstrate en-
hanced control over particles’ temperature and oxidation, contributing to
improved coating uniformity and performance [53].

Future research directions in the field of flame spraying of composite
coatings are associated with deeper investigation of interfacial-interaction
physics, the development of novel composite powders with tailored struc-
tures, and the creation of functional coatings combining protective, damp-
ing, and tribological properties. Of particular interest is the integration of
experimental studies with numerical modelling and multiscale analysis of
coating structure and properties.
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Thus, current trends in the development of flame spraying indicate its
transformation from a conventional technological operation into a high-
tech, physically controlled process capable of producing coatings with tai-
lored and predictable properties.

10. Conclusions

A systematic analysis of recent studies (2019-2025) of flame spraying of
composite coatings is carried out, with an emphasis on the physical mech-
anisms governing the formation of coating structure and service properties.

It has been shown that flame spraying is a multiphysical process, in
which thermal and gas-dynamic parameters of the flame, as well as the
physical state of particles at the moment of impact with the substrate,
play a key role. Particles’ temperature, velocity, and degree of melting
determine the formation of splats, interlayer boundaries, and porosity,
which, in turn, determine the microstructure of the coating.

It has been established that the microstructure of flame-sprayed com-
posite coatings has a decisive influence on their adhesion strength, me-
chanical, tribological, and damping properties. Interlayer boundaries and
pores, traditionally regarded as structural defects, acquire functional sig-
nificance in contemporary studies, particularly, in the context of mecha-
nical-energy dissipation and enhanced vibration resistance of coatings.

The analysis of recent publications demonstrates that optimisation of
the properties of flame-sprayed coatings requires a comprehensive ap-
proach that accounts for the interrelation between spraying parameters,
microstructure, and service characteristics. One of the most promising
directions for further development is the creation of composite and multi-
layer coatings with graded structures, ensuring a balance between
strength, adhesion, wear resistance, and damping properties.

It is concluded that the further advancement of flame-spraying tech-
nology is associated with the implementation of in situ diagnostic me-
thods, numerical modelling, and physically grounded process control. This
will enable the transition toward the design of coatings with predeter-
mined properties and expand the application areas of flame-sprayed com-
posite coatings in modern engineering systems.
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B.IO. Ryaixos, A.3. Iccazynos, O.M. Kapregiu, A.M. Canisnosa
Kaparanguucpkuii TexHiuHUE yHiBepcuTeT iMmeni Abuakaca Carinosa,
upocu. H. Hasap6aeBa, 56, Kaparauna, Kazaxcraun

CYYACHU CTAH TEXHOJIOTII TA30IIOJIYMEHEBOI'O
HATIMJIEHHST KOMIIO3UTHUX TTIOKPUTTIB ¥V CBITOBIN ITPAKTUIII

B ornani mHaBemeHo cucreMaTUYHUI aHAJIi3 ocTaHHIX mocaimikenb (2019-2025 pp.) cro-
COBHO T'a30M0JIyMEHEeBOI'0 HaNWJIeHHS KOMIO3UTHUX MOKPUTTIB 3 aKIeHTOM Ha (QisuuHi
MeXaHi3Mu, M0 JIeKaTh B OCHOBiI (pOpMyBaHHS CTPYKTYPH Ta €KCILJIyaTalliiHUX BJac-
TuBOcTell. ['a3omosymMeHeBe HaNMJEHHS PO3TJIANAETHCA AK CKJIATHUN MyJabTHDiswU-
HUI TIpoIec, IO OXOILTIOE B3a€EMOIOB’sA3aHI ABUINA TeIJIO- i MacooOMiHy, rasonmHa-
Miku, $a3oBUX IIePeTBOPEHb i MexaHiuHOI medopwmarnii wacTuHOK mij wac ix B3aemomil
3 migKJankon. AHaiis mokasye, 1o ()isMUYHHI cTaH YaCTMHOK, a caMe TeMIlepaTrypa,
MIBALAKICTE i CTYImiHB TOILIEHHS, Bifirpae BUpIIIaJbHY POJIb B YTBOPEHHI OpU30K, PO3-
BUTKY MIi)KIIIApOBUX M€K i 3MiHI mOpHCTOCTi, IKi B CYKYIHOCTI BM3HAUYAIOTh MiKpPO-
CTPYKTYPY IOKPUTTIB, OJEeP:KYBAaHUX METOJOM IIOJIyMEHEBOTO HammjeHHs. IlokasaHo,
[0 MiKPOCTPYKTypa € KJIIOUOBOIO CIIOJYYHOIO JIAHKOIO Mi’K TEXHOJIOTIYHMMU ITapaMe-
TpaM’ i MAKPOCKOIIYHUMY BJIACTUBOCTSIMU, TAKUMU AK aJresiliHa MilHicTh, MexXaHiuHA
Ta TpUOOJIOTiUHA XapaKTepucTuka, AeMidyBajbHA 3JaTHICTH i BTOMHA JOBrOBiUHiCTH.
Oco0auBy yBary mpuiijieHo (PyHKI[IOHAJBHIN poJi MIiMKIIapoBUX Me’X i mop, AKi, Kpim
TOTO, II[0 € CTPYKTYpHUMHU AedeKTaMu, CAYTryIOTh OCHOBHUMHU JyKepeJaMy BHYTPIIIHBO-
TO TepTd i posciroBaHHA MeXaHiuHOI eHeprii mig yac MUKJIIYHOrO i AWHAMIYHOrO Ha-
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BaHTa'KeHHA. BUCBiTIeHO HEMUHYYI KOMITPOMICH Mi’K TBEPHiCTIO, 3HOCOCTiHKiCcTIO, Ha-
OifiHICTIO 3UeNJIeHHdA, 3aJUINKOBUMM HaIpyramMu i JeMndyBaJbHUMU BJIACTUBOCTAMU,
10 CBiAUMTH IPO HeoOXimHicTh (iZWMUYHO OOGI'PYHTOBAHOrO KOMIIPOMIiCHOTO HigXomy IO
NPOEKTyBaHHsA. [IepCIeKTUBY MOAAIBIIIOr0 PO3BUTKY TEXHOJOTIl Ira3omoyMeHeBOro Ha-
NUJEeHHS PO3TJIAHYTO B KOHTEKCTi MiarHOCTHMKM HA MiClli, YMCEeJbHOTO MOJEJIOBAaHHS,
faraToMaciiTabHOTO aHAJNiIZY Ta YIPaBJIiHHA IpollecaMM Ha OCHOBi (ismunmx manmx. i
MiAX0AW YMOXKJIUBIIIOIOTH IIepexia BiJ eMmipuyHOro BuOOPY IMapamMeTpiB A0 IPOTHO30BAa-
HOTO MPOEKTYBAHHA KOMIIOBUTHUX i OaraTolrapoBUX IIOKPUTTIB 3 iHAMBiAyadbHUMU i
BiITBOPIOBAHMMU BJIACTUBOCTSAMH, POBIINPIOIOUN 00JIACTH 3aCTOCYBAaHHA IIOKPUTTIB, IO
HAHOCATHCA METOJOM IIOJIyMEHEBOTO HAlMJIEeHHS, B CYYaCHUX iH)KEHEepHUX CUCTeMax 3
TOUKH 30Py (hisWUHOI HAYKU.

KarouoBi cioBa: rasomosiyMeHeBe HANWJIEHHA, KOMIIO3UIIHI HOKPUTTS, (opMyBaH-
HA MiKPOCTPYKTYpH, Temo(isWyHi Ta KiHEeTWYHI Ipoliecu, aaresiiiHa MiImHICTH i mO-
PUCTiCTB.
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