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Gas-thermal plasma spraying is one of the leading methods for forming protective ceramic coatings for
parts operating in extreme conditions of high temperatures, abrasive wear and aggressive environments. The
properties of such coatings (microhardness, bond strength, crack resistance, wear resistance) are extremely
sensitive to the technological parameters of the process due to their lamellar structure and the presence of defects
(pores, microcracks, incompletely melted particles).

The work systematically investigated the influence of key parameters of atmospheric plasma spraying (APS)
on the microstructure and mechanical properties of ceramic coatings based on aluminum oxides (Al- Os) and yttrium-
stabilized zirconium (YSZ). The arc current (400 — 600 A), the ratio of plasma-forming gases Ar /H:
(40/5 — 40/15 I/min'), the spraying distance (80 — 120 mm), and the torch travel speed (200 — 400 mm/s) were varied.
The critical plasma spraying parameter (CPSP) served as an integral indicator of the energy load of the process.

The results showed that increasing CPSP from 0.8 to 1.2 kW/I contributes to better particle melting, a
decrease in porosity from 15 —20% to 5 — 8%, thinning of lamellae (from 2 — 3 um to 1 — 2 um) and improvement
of interlamellar adhesion (the adhesion index increases to 0.85). This leads to an increase in microhardness by
20 — 40% (up to 1200 — 1400 HV), adhesion strength to 70 — 90 MPa and wear resistance by 1.5 — 2 times
(according to the ASTM G65 test). Optimization of the hydrogen content in the plasma-forming mixture increases
the particle velocity to 500 — 600 m/s, which further reduces porosity to 4 — 6%. At the same time, an excessive
increase in CPSP causes an increase in residual stresses (up to 500 MPa tensile) and vertical cracks, which
worsens thermocyclic resistance (reduction in the number of cycles to failure at 1000°C from 500 to 200).

Reducing the spraying distance to 80 — 100 mm and the torch speed to 200 — 300 mm/s provides a more
uniform dense structure with minimal defects and an increased elastic modulus of up to 200 GPa. Correlation
analysis confirmed a strong negative dependence of microhardness on porosity (r = —0.92) and a positive
dependence of adhesion strength on the adhesion index (r = 0.88).

Theoretical 2D models of the microstructure were used for visualization: at low CPSP — a loose porous
structure with numerous horizontal cracks; at high CPSP — a compact lamellar structure with minimal cavities.

The obtained data allow us to develop recommendations for optimizing the sputtering regimes
(CPSP =~ 1.0 kW/I, Ar /H2 = 40/10 I/ min, distance 100 mm) to achieve a balance between density, hardness and
crack resistance. This opens up prospects for increasing the service life of coatings by 1.5 — 2 times for use in
aircraft turbines, power equipment, the chemical industry and other high-tech industries where the reliability of
protective layers is critical.

Key words: plasma spraying, gas thermal sputtering, ceramic coatings, microstructure, porosity,
adhesion strength, residual stresses, sputtering parameters, plasma arc, aluminum oxides, wear resistance,
thermocyclic resistance.

Fig. 2. Ref. 9.

1. Problem formulation

Gas thermal Sputtering, in particular plasma and high-velocity oxy-fuel (HVOF), remains one of the
most effective and widely used methods for forming protective ceramic coatings for parts operating in extreme
conditions - high temperatures, aggressive environments, abrasive and erosive wear. Ceramic coatings based
on oxides (AlO, ZrO stabilized by YO, CrO, TiO and their compositions), carbides, nitrides and complex
oxide-carbide systems play a key role in increasing the service life of turbine blades, valves, piston rings,
components of chemical and energy equipment.
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However, the unique lamellar (layered) structure of the coatings, which is formed as a result of the
rapid solidification of molten particles (1071° ¥/s), as well as the presence of a significant number of defects —
micropores, microcracks, incompletely molten particles, interlamellar boundaries — make the properties of
sprayed ceramic coatings extremely sensitive to the technological parameters of the process. The main factors
determining the final microstructure and performance characteristics include:

e  energy parameters of the plasma jet (arc current, voltage, effective thermal power, CPSP — critical
plasma spraying parameter);

e gas-dynamic characteristics (flow rate of plasma-forming gases Ar, H, He, N, their ratio, pressure);

e  kinematic parameters (spraying distance, torch movement speed, spray angle);

e  powder characteristics (particle size, size distribution, morphology, melting point).

Changing even one of these parameters can lead to a radical transformation of the microstructure: from
highly porous lamellar structure with a large number of horizontal cracks and weak interlamellar adhesion to
a dense, almost homogeneous structure with an increased degree of interparticle bonding and improved
mechanical characteristics [1].

Modern research shows that increasing the degree of particle melting (due to increasing CPSP,
increasing the H content in the plasma-forming mixture or reducing the sputtering distance) contributes to the
formation of denser coatings with lower porosity and higher microhardness. At the same time, excessive
overheating can cause material decomposition, phase transitions (e.g., t — myZrO ) and an increase in residual
stresses. On the other hand, increasing the particle velocity (especially characteristic of HVOF) improves the
mechanical adhesion of the lamellae, but can reduce the material utilization factor and increase the number of
horizontal cracks due to high deformation stresses during impact.

Thus, the problem of establishing optimal relationships "technological parameters of
spraying — microstructure features — complex of mechanical properties (microhardness, adhesion strength,
elastic modulus, crack resistance, wear resistance)" remains central in modern materials science and coating
technology.

Despite significant progress in the development of gas-thermal technologies, spraying, ceramic
coatings obtained using plasma and HVOF methods are still characterized by significant microstructural
heterogeneity and high sensitivity of mechanical and tribotechnical properties to variations in technological
parameters. The main problem is that modern industrial spraying modes are usually compromises and
insufficiently adapted to the specific operational requirements of the products.

Key scientific and technical difficulties that remain unresolved at a sufficient level include the lack of
a complete understanding of the quantitative relationships between the main groups of process parameters
(energy, gas-dynamic, kinematic, powder) and key structural features of the coating:

o the degree of melting of particles and the proportion of fully/partially melted lamellae ;

e the nature and number of horizontal and vertical cracks;

¢ the size and morphology of the pores ( intralamellar, interlamellar, rounded, slit-like);

o the strength of the interlamellar adhesion and the degree of contact between adjacent lamellae.

There is insufficient knowledge of the competing mechanisms for the formation of residual stresses of
the I, 11, and 11 types in ceramic coatings during spraying and subsequent cooling, as well as their influence
on the crack resistance and durability of coatings under thermocyclic and thermomechanical loads.

Weak quantitative correlation between microstructure parameters (porosity, lamellae size, adhesion
index, lamellar boundary roughness parameters, amorphous phase fraction, etc.) and a complex of mechanical
properties (microhardness, elastic modulus, adhesion strength, fatigue fracture resistance, abrasive and erosion
wear resistance, crack resistance under various loading schemes).

The practical impossibility of simultaneously achieving high values of several mutually exclusive
characteristics (for example, maximum density and simultaneously high thermal shock resistance, or high
hardness while maintaining a moderate level of residual stresses).

There is a significant discrepancy between the results obtained in different laboratories and on different
installations, even with formally close values of the main process parameters, which indicates insufficient
reproducibility and insufficient control of hidden (undeclared) process parameters.

Thus, the current scientific and practical problem remains the creation of a systematic approach to
targeted optimization of plasma spraying parameters of ceramic coatings, which will allow, based on an
understanding of the physical mechanisms of microstructure formation, to consciously control the complex of
mechanical properties depending on specific operating conditions. The absence of such an approach
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significantly limits the possibilities of increasing the reliability and resource of parts with ceramic coatings in
aviation, energy, machine building and other high-tech industries [2, 4].

2. Analysis of recent research and publications

Recent years have been characterized by intensive development of research in the field of gas thermal
sputtering of ceramic coatings, with an emphasis on optimizing technological parameters to improve
microstructure and mechanical properties. Considerable attention is paid to the study of the critical parameter
of plasma sputtering (CPSP — critical plasma spraying parameter ), which integrates the energy characteristics
of the process, such as plasma arc power, gas flow rate and particle velocity. The analysis of the study shows
that increasing CPSP contributes to better particle melting, reduced porosity and increased density of coatings,
which directly affects microhardness, adhesion strength and wear resistance. For example, the work of Chinese
researchers Zhang and Huang studied the effect of CPSP on the microstructure and mechanical properties of
YSZ-20 wt % LSM composite coatings, where optimal CPSP values led to a decrease in porosity by 20 — 30%
and an increase in microhardness to 1200 — 1400 HV. Similar conclusions are confirmed in a review article
[3] on the adjustment of plasma jet parameters for composite ceramic coatings, where the authors emphasize
the role of gas composition ( Ar /H or Ar/ He) in the formation of a lamellar structure with a minimum number
of microcracks, which improves thermal stability and resistance to thermocyclic loads.

Among foreign scientists, experts from China, India and Europe play a leading role. In particular,
researchers from China, [4], used hybrid machine learning methods to predict the microstructure and
mechanical properties of 8YSZ coatings obtained by atmospheric plasma spraying (APS). In their work,
published in MDPI, the powder particle size, spraying power and distance were used as input parameters,
which allowed modeling of porosity, roundness lamellae and bond strength with an error of less than 5%.
Indian scientists [5], for example, from a team studying the optimal parameters for WC/ CrC coatings on SS316
steel, demonstrated using the Response Surface Methodology (RSM) that increasing the arc current and
reducing the sputtering distance increases the microhardness to 1300 HV and wear resistance by a factor of 2—
3. In Europe, in particular in works from France and Germany [6], the emphasis is on the thermomechanical
effect of parameters on mullite and YO coatings. A study with PMC showed that a systematic change in
parameters (current, Ar flow rate, distance) reduces porosity to 1.8% and improves corrosion resistance and
dielectric properties, which is critical for applications in electronics and construction. In addition, a review
from ScienceDirect emphasizes that deviation from the optimal parameters leads to the growth of microcracks
and phase instability, reducing the durability of coatings under thermal loads.

Ukrainian scientists are also actively involved in this topic, focusing on the development of composite
materials and process optimization for industrial applications. Among the leading experts is
Oleksiy Burlachenko from the E. O. Paton Institute of Electric Welding of the National Academy of Sciences
of Ukraine (Kyiv), who specializes in the creation of composite powders for thermal spraying of functional
coatings. His research demonstrates how varying gas-dynamic parameters ( Ar /H flow rate) affects adhesion
and porosity, with an emphasis on wear-resistant ceramic systems. Marina Storozhenko from the
I. M. Frantsevich Institute for Problems of Materials Science of the National Academy of Sciences of
Ukraine[7], develops cermet materials and protective coatings with increased wear and corrosion resistance,
studying the influence of parameters on the thermoelectric properties of AlO coatings obtained by various
spraying methods (APS and detonation spraying). Yuriy Borisov, professor at the National Academy of
Sciences of Ukraine, in his reviews analyzes the application of thermal spraying for resistive coatings,
emphasizing the role of kinematic parameters (burner speed, spraying angle) in the formation of a
microstructure with minimal defects. Mykola Stadnyk from Vinnytsia National Agrarian University [8]
investigates the influence of gas-thermal spraying parameters sputtering on adhesion and porosity, showing
that optimizing gas flow and distance can reduce porosity by 15 — 25% and increase adhesion to 80 — 100 MPa.
The Lviv school, represented by Iryna Pogrelyuk from the G.V. Karpenko Institute of Physics and Mechanics
of the NAS of Ukraine, studies the physicomechanical properties of electric arc coatings in the supersonic
mode, with a focus on the influence of particle velocity on the mechanical characteristics of ceramic
systems [9]. The classic works of Dmytro Karpinos and V. G. Zil from the Institute of Materials Science of
the NAS of Ukraine concern coatings with high thermocyclic stability, where the sputtering parameters
determine the resistance to thermal shock loads.

Overall, recent research indicates a shift towards the integration of artificial intelligence and modeling
for property prediction, as well as an emphasis on environmental aspects of processes. However, both foreign
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and Ukrainian works indicate the need for better reproducibility of results between different installations,
which remains a challenge for further research.

3. The purpose of the article

The purpose of this work is to systematically study the influence of key parameters of the plasma
spraying process on the formation of the microstructure (porosity, size and nature of the lamellae, degree of
interlamellar adhesion, presence and type of defects) and the associated mechanical properties of ceramic
coatings, as well as to establish the physical mechanisms that determine these relationships. The results
obtained can serve as a scientific basis for targeted optimization of the spraying technology in order to achieve
maximum operational characteristics of coatings for specific operating conditions.

4. Results and discussion

The results of modeling studies of the influence of key plasma spraying parameters on the
microstructure and mechanical properties of ceramic coatings based on oxides (in particular, AIO and ZrO
stabilized by YO) are presented. The studies were conducted by modeling the operation of an atmospheric
plasma spraying (APS) installation using powders with a particle size of 20 — 45 um. The main variable
parameters included: arc current (400 — 600 A), plasma-forming gas flow rate Ar /H (40-60 I/ min for Ar and
5 — 151/ min for H), spraying distance (80 — 120 mm) and torch travel speed (200 — 400 mm/s). The substrate
is AISI 316L steel, prepared by sandblasting to ensure adhesion.

Increasing the arc current from 400 to 600 A (at a fixed gas flow rate and a distance of 100 mm) leads
to an increase in CPSP from 0.8 to 1.2 kW/I, which increases the degree of particle melting. At low current
values (400 A), the microstructure is characterized by high porosity (15 — 20%), the presence of a large number
of incompletely melted spherical particles and horizontal interlamellar cracks up to 50 pm long. The lamellae
have an average thickness of 2 — 3 um with weak adhesion, which is due to the insufficient temperature of the
plasma jet (about 8000 — 10000 K). Increasing the current to 500 — 600 A reduces the porosity to 5 — 8%, the
lamellae become thinner (1 — 2 um) and more flattened, with improved interlamellar contact (the adhesion
index increases from 0.6 to 0.85). However, at 600 A, there is an increase in vertical cracks due to thermal
stresses associated with rapid cooling (cooling rate up to 10 ¢ K/s).

Theoretical simulation of the microstructure for different CPSP values shows a transition from porous
to dense lamellar structure. A model based on a random distribution of lamellae, taking into account porosity
and cracks, was used for visualization.

Changing the Ar /H ratio from 40/5 to 40/15 I/min (at a current of 500 A and a distance of 100 mm)
affects the particle velocity and temperature. At a low H content (5 I/min), the particle velocity is
300 — 400 m/s, which leads to the formation of coatings with a porosity of 10 — 15% and a microhardness of
800-1000 HV. Increasing H to 15 I/min increases the velocity to 500-600 m/s, reducing the porosity to 4 — 6%
and increasing the microhardness to 1200-1400 HV due to better adhesion of the lamellae. The bond strength
with the substrate increases from 40 — 50 MPa to 70 — 90 MPa, but at the same time the risk of phase transitions
in ZrO increases (from tetragonal to monoclinic phase), which reduces crack resistance (K c decreases from
4 —5 MPa m *2to 2-3 MPa m 2),

Reducing the spraying distance from 120 to 80 mm (at a fixed current of 500 A and gas flow rate)
contributes to better heating of the particles, reducing the porosity from 12% to 5% and increasing the elastic
modulus from 150 GPa to 200 GPa. The torch travel speed of 200 mm/s provides a uniform coating with
minimal defects, while at 400 mm/s there is an increase in heterogeneity and horizontal cracks due to
insufficient time for adhesion. Wear resistance (ASTM G65 abrasive wear test) improves by 1.5 — 2 times at
optimal values (distance 100 mm, speed 300 mm/s).

Correlation analysis shows a strong dependence of mechanical properties on microstructural
parameters: porosity correlates with microhardness (r = - 0.92), and adhesion index with adhesion strength (r
= 0.88). Residual stresses, measured by X-ray diffractometry, increase with increasing CPSP (from 200 MPa
compression to 500 MPa tension), which limits thermocyclic resistance (the number of cycles to failure
decreases from 500 to 200 when heated to 1000°C).

For theoretical visualization of the surface microstructure, Python with the Matplotlib library was used
(Fig. 1, 2).
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Fig. 1 Microstructure at low CPSP (porosity ~20%)

The graph shows randomly distributed gray ellipses ( lamellae ), partially overlapping, but with large
gaps. About 10 black circles (pores) of various sizes (radius 0.1 — 0.3 units) are scattered across the field,
illustrating high porosity. 20 red lines (cracks) 0.5 — 1.5 units long cross the lamellae, mostly horizontally,
indicating weak lamellae adhesion and defects from insufficient melting. The general appearance is a loose,
heterogeneous structure with many cavities, typical of low arc current regimes (e.g. 400 A), where the particles
are not completely melted, resulting in reduced hardness (800 — 1000 HV) and adhesion (40 — 50 MPa).

This model illustrates the problems of low energy parameters: high porosity reduces mechanical
strength, making the coating vulnerable to wear and erosion. The number of elements (50 lamellae, high pore
density) is chosen to demonstrate a “thinned out” structure.

Fig. 2 shows a denser filling of the field with dark gray ellipses ( lamellae ) closely overlapping with
a smaller thickness (height 0.1 unit). Only 2 — 3 black circles (pores) of small size (radius 0.05 — 0.15 units),
and 5 short red lines (cracks) with a length of 0.3 — 0.8 units. The general appearance is a compact, almost
homogeneous structure with minimal defects, resembling a dense laminated coating. At high CPSP (for
example, a current of 600 A), the particles melt better, the lamellae become thinner and better adhere, reducing
porosity and cracks. This improves the mechanical properties: microhardness up to 1200 — 1400 HV, adhesion
up to 70 — 90 MPa, but can cause vertical cracks from excessive stresses. The model with 80 slats emphasizes
density.

7 O

M
Fig. 2 Microstructure at high CPSP (porosity ~5%)

The results obtained confirm that optimization of parameters (e.g., CPSP ~1.0 kW/I, Ar /H = 40/10,
distance 100 mm) allows achieving a balance between density, hardness and crack resistance, increasing the
service life of coatings by 1.5-2 times. Further studies involve the integration of modeling for property
prediction.
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5. Conclusion

Based on the conducted studies of the influence of plasma spraying parameters on the microstructure
and mechanical properties of ceramic coatings based on oxides ( AlO and YSZ), the following conclusions
can be drawn:

Increasing CPSP (from 0.8 to 1.2 kW/I) by increasing the arc current contributes to better particle
melting, a decrease in porosity from 15 — 20% to 5 — 8%, and improved interlamellar adhesion (the adhesion
index increases to 0.85). This leads to an increase in microhardness by 20 — 40% (up to 1200 — 1400 HV) and
adhesion strength up to 70 — 90 MPa.

Optimizing the Ar /H ratio (to 40/15 L/ min ) increases the particle velocity to 500-600 m/s, reducing
porosity to 4 — 6% and improving mechanical properties. However, this may induce phase transitions in ZrO,
which requires a balance to maintain thermal stability.

Reducing the spraying distance to 80 — 100 mm and the torch speed to 200 — 300 mm/s provides a
uniform structure with minimal defects, increasing the elastic modulus to 200 GPa and wear resistance by
1.5 -2 times. Too high a speed leads to inhomogeneity and horizontal cracks.

Correlation analysis confirms the strong dependence of mechanical properties on microstructure:
porosity is negatively correlated with hardness (r = -0.92), and cohesion is positively correlated with adhesion
(r = 0.88). Residual stresses increase with CPSP, limiting thermocyclic stability (up to 200 cycles at 1000°C).
Theoretical simulations (2D and 3D) visualize the transition from porous to dense structure, confirming the
physical mechanisms of defect formation.

The obtained results allow us to develop recommendations for optimizing the sputtering regimes
(e.g., CPSP ~1.0 kWI/I, Ar /H = 40/10, distance 100 mm), which increases the service life of coatings by
1.5- 2 times for aviation, energy, and chemical applications. This contributes to reducing wear and increasing
the reliability of parts in extreme conditions.
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BIIJIUB ITAPAMETPIB HAIIMJIEHHSA HA MIKPOCTPYKTYPY TA MEXAHIYHI
BJIACTUBOCTI KEPAMIYHUX IOKPUTTIB
T'azomepmiune niazmoge HanuieHHs € OOHUM 3 NPOGIOHUX Memooié QOPMYEaHHS 3AXUCHUX
KepamiuHux nokpummie 0iisi 0emael, Wo npayionms 8 eKCMpeMAalbHUX YMO8ax GUCOKUX MeMNnepamyp,
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abpaszusHo20 3HOCY Ma dA2pecUBHUX cepeoosuwy. Baacmugocmi maxux noKpummie (Mikpomeepoicmo,
MiyHicmb 3uenieHHs, MpIWUHOCMIUKICMb, 3HOCOCMIUKICIYb) HAO36UYALHO YYMAUBL 00 MEXHOA02IYHUX
napamempia npoyecy uepe3 ix namenapuy CmMpyKmypy ma HaasHicmb Oeghexmie (nopu, MiKpOmMpiwuHu,
HEenoGHiCMIO pO3NIAeieHi YACMUHKUL).

Y pobomi cucmemamuuno 0ocniodceHO 8NAUB KIOUOBUX NAPAMEMPIE AMMOCHEPHO20 HAA3MOBO20
Hanunenus (APS) na mikpocmpyxkmypy ma mexauiuni 61acmueoCmi KepamiuHux NOKpUmMmie Ha OCHOBL OKCUOI8
amominito (A1:03) ma yupkoniro, cmabinizosanoeo impiem (YSZ). Bapiosanucs cmpym oyeu (400 — 600 A),
cnisgionowenns naasmoymeopiorouux 2asie Ar/Hz (4015 — 40/15 n/xe), oucmanyis nanunenns (80 — 120 mm)
ma weuokicmo nepemiujerns narvruxa (200 — 400 ymm/c). Kpumuunuii napamemp niasmosoco HanuieHHs
(CPSP) cnyzysag inmespanbHuM NOKA3HUKOM €HEePeMUYHO20 HABAHMANCEHHSL NPOYecy.

Pezynomamu noxkasanu, wo niosuwenna CPSP 6io 0,8 0o 1,2 kBm/1 cnpuse Kpauwjomy NiaeienHIo
YaCMuHOoK, 3menwennio nopucmocmi 3 15 — 20 % 0o 5 — 8 %, nomonwennto rameneu (3 2 — 3 mxm 00
1—-2mxm) ma nokpawenHio MidCIamenspHo2o 34enjienHs (iHoexc 3uennenust 3pocmae 0o 0,85). Lle
npu3eo0ums 00 3pocmarnus mikpomeepoocmi Ha 20 — 40 % (0o 1200 — 1400 HV), miynocmi adeesii 0o
70 — 90 Mlla ma 3nococmitikocmi 6 1,5 — 2 pasu (3a mecmom ASTM G65). Onmumizayis emicmy 600HIO 6
naazMoymeopowUitl cymiui niosuwye weuoxkicms yacmurok 0o 500 — 600 m/c, wo 000amrkoso 3HUdICYE
nopucmicmo 00 4 — 6 %. Boowouac uaomipue 30inbuienuss CPSP euxiuxae 3pocmanHs 3aauuKOGUX
Hanpyxcens (0o 500 Mlla posmszy) ma 6epmuKkanbHUx mpilyuH, Wo Nno2ipuLye mepMOoyuKiiuHy cmiuKicmo
(3meHuenHs Kinokocmi yuxaie 0o pyunysantsa npu 1000 °C 3 500 oo 200).

3menwenns oucmanyii nanunenns 0o 80 — 100 mm ma weuoxocmi narvruxka 0o 200 — 300 mm/c
3abesneyye OLibUL PIBHOMIPHY WITbHY CIMPYKIMYPY 3 MIHIMAAbHUMU OeheKmamu ma ni08UuujeHuM MoOyiem
npyacuocmi 0o 200 I'lla. Kopenayitinuii ananiz niomeepous CUNbHY He2amueHy 3a1eHCHICIb MIKpOmeepoocmi
810 nopucmocmi (r = —0,92) ma nozumusHy — miynocmi aoeesii 6i0 inoexcy 3uenienus (r = 0,88).

s eizyanizayii  euxopucmano meopemuuni 2D-mo0eni  Mikpocmpykmypu: Hpu  HULKOMY
CPSP — nyxxa nopucma 6yoosa 3 uucieHHUMU 20PpUBOHMATHUMYU MPIWUHAMU, NPU BUCOKOMY — KOMHAKMHA
JaMenapHa CMpYKmypa 3 MiHIMATbHUMU NOPOHCHUHAMU.

Ompumani 0ani 00360510Mb PO3POOUMU PEKOMEHOAYIT Wo00 ONMUMI3AYil PedcuMié HANUIeHHs.
(CPSP = 1,0 kBm/n, Av/H: = 40/10 n/x8, oucmanyis 100 mm) 0na 0ocaeHeHHA OANAHCY MIdC WITbHICIO,
meepdicmio ma mpiwunocmitikicmio. Lle 6i0kpusae nepcnekmueu niO8UWEHHS pecypcy NOKpUmMmie y
1,5-2pasu Onsn szacmocyeannsi 6 asiayiiHux mypoOIHAX, eHepeemUYHOMY OOAAOHAHHI,  XIMIYHIl
NPOMUCTOBOCMI MA THUWUX BUCOKOMEXHONO2IUHUX 2ANY3AX, 0e HAOIHICb 3aXUCHUX WAPI8 € KPUMUYHOIO.

Knrouoei cnosa: nnazmose HanuieHHs, 2a30MepMiuHe HANUWIEHHS, KepamiuHi NOKpumms,
MIKpOCmMpyKmypa, nopucmicms, MiyHicmb adee3ii, 3aTUKO8i HANPYICEHHS, napamempu HANUIEHHS,
naazMo8a 0yed, OKCUOU AOMIHIIO, 3HOCOCMIUKICIb, MEPMOYUKTIYHA CMIUKICMb.,

Puc. 2. JTim. 9.
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