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The investigation of the crack propagation behaviour associat-
ing with the delamination in the interface of the laminate of the 
fibre acrylic laminates (FALs) composite is carried out by subjecting 
the composite to cyclic loads. The cyclic load is controlled by the 
displacement provided by a fatigue testing machine. The cyclic load 
was carried out with various displacement ratios, R, values, these 
are, 0, –1, –3, and –5 in which the displacement amplitude was also 
varied as high as 0.15, 0.20, 0.30 mm, for every value of R. In the 
present study, the investigation to the crack propagation behaviour 
is focused on the negative cyclic of R leading to the composite to be 
cycled under compressive load. The results obtained in the present 
study shows that in these cases of the lower value of the displace-
ment ratio of –3 and –5, the fatigue life and the crack length of the 
FALs increase, and the increasing of the displacement amplitude 
to 0.30 mm causes both the fatigue life and the crack length to be 
shorter. The delamination propagation rate is higher in the R=0 case 
than those in the negative value of R. In addition, the lateral contrac-
tion of material to outward over the crack region may contribute to 
the development of the delamination when the ratio of the displace-
ment cycles is negative, and the lateral contraction is higher when 
the displacement ratio is more negative. Moreover, the delamination 
may take place in front of the crack tip when the maximum displace-
ment is 0.20 mm or higher, and it causes the crack propagation to be 
accelerated.

Keywords: Crack propagation, delamination, cyclic conditions, 
Fibre Acrylic Laminates.
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We developed antifriction composites based on regenerated 
grinding waste of AM4.5Kd aluminum alloy with the addition of 
МоS2 solid lubricant intended for work in contact pairs of post-
printing machines, such as folder-gluing machines and machines for 
pasting elements into packaging.

Analysis of the structure of the new composite showed that al-
loying elements of the metal base form strengthening phases, which 
are evenly distributed in the matrix without segregation clusters. 
This contributes to an increase in structural strength. Molybdenum 
disulfide provides the effect of self-lubrication of a contact pair 
during operation, which causes a reduction in a friction coefficient 
and a wear rate compared to composite material without solid 
oil. Structural studies showed uniform distribution of solid oil in 
the entire volume of the composite, which provides an increase in 
tribotechnical characteristics due to formation of protective anti-
gripping friction films at operation of a part of a complex shape under 
self-lubricating conditions.

The analysis of functional properties makes possible to rec-
ommend antifriction composite made on the basis of industrial 
grinding waste of AM4.5Kd aluminum alloy with impurities of 
solid lubricant ‒ МоS2 molybdenum disulfide for parts of complex 
compound joints, which operate at increased discrete sliding speeds 
and loads without lubrication with liquid oil in the air atmosphere.

Tribotechnical tests showed that the new composite wear-
resistant material obtained by the developed manufacturing technol-
ogy gives possibility to force maximum permissible loading modes 
and sliding operation rates with the consistently high antifriction 
properties of new composite friction parts of post-printing machines.

Keywords: grinding waste, aluminum alloy, solid oil, structural 
studies, antifriction properties, post-printing machine.
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Improving the operational properties of epoxy composites makes 
it possible to extend the scope of their application. One of the tech-
niques to enhance the strength and durability of epoxy composites is 
the use of magnetic treatment. 

In order to modify polymeric compositions under the influence 
of a magnetic field, it is necessary to maintain the optimal treatment 
modes and time-temperature conditions, determining which is the 
aim of this research.

The result of the conducted experimental research is the estab-
lished influence of parameters of an alternating magnetic field on 
physical-mechanical properties of the modified epoxy composites. 
We investigated patterns in the influence of proportionality coef-
ficients, integration and differentiation coefficients in the algorithm 
to control magnetic treatment on impact viscosity and heat resis-
tance of the modified epoxy composites. The optimum values for the 
frequency of an alternating magnetic field during treatment of epoxy 
composites were determined. We examined dependences of the 
content of a finely-dispersed ferromagnetic filler on residual stresses 
and temperature in the zone of magnetic treatment. Research into 
epoxy composites was accompanied by the parallel tests of properties 
related to the effect of similar temperature at magnetic treatment. 
The law of change in temperature parameters without magnetic 
treatment was assigned similarly to that of magnetic treatment. This 
paper reports results of the mathematical planning of the experiment 
and correlation dependences of magnetic field induction and the 
content of a filler on heat resistance of the modified epoxy-composite 
material. The research identified limiting values for the content of 
a filler and treatment modes of epoxy-composite materials, which 
ensure the improved performance properties. Our study is important 
for improving the technological process to modify epoxy composi-
tions with magnetic treatment.

Keywords: polymer, composite, epoxy oligomer, polyethylene 
polyamine, residual stresses, impact viscosity, PID-controller.
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polyvinyl alcohol and cellulose ester Culminal C8465 with the con-
centration of 0.05 % and 0.5 %. Structural properties of the samples 
were studied by means of X-ray diffraction analysis, particle size and 
morphology — by means of scanning electron microscopy. Electro-
chemical properties of nickel hydroxide were evaluated by means of 
galvanostatic charge-discharge cycling of the pasted electrode pre-
pared without a binder, in the supercapacitor regime. It was discov-
ered, that the use of PVA results in significantly higher crystallinity 
and lower agglomerate formation. Increasing PVA concentration by 
10 times had no effect on these characteristics. For Culminal C8465, 
the crystallinity is significantly lower, but it increases with template 
concentration. Higher concentration of Culminal C8465 also leads 
to significant particle aggregation. Different behavior of PVA and 
Culminal C8465 has been revealed. PVA behaves like a weak binder 
and Culminal C8465 shows strong binding properties. Complex 
analysis of electrochemical characteristics of pasted electrodes pre-
pared without a binder confirmed the possibility of using the remain-
ing template as an inner binder. The highest specific capacity for the 
electrode without an external binder was 197 F/g when Culminal 
C8465 was used as a template. It is recommended to conduct the 
selection of a water-soluble compound that would play the role of 
a template during the synthesis of nickel hydroxide and would also 
serve as a binder for the preparation of pasted electrode.

Keywords: nickel hydroxide, template synthesis, homogeneous 
precipitation, supercapacitor, binder.
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Nickel hydroxide is widely used as the active material for hybrid 
supercapacitors. The most electrochemically active is α-Ni(OH)2, 
synthesized using template homogeneous precipitation. The disad-
vantage of template homogeneous synthesis is the inclusion of the 
template into the composition of nickel hydroxide and the necessity 
of its removal. In order to reverse this disadvantage, it was proposed 
to study the possibility of using the remaining template as an inner 
binder for the preparation of a highly effective pasted supercapaci-
tor electrode, without an external binder. Samples of Ni(OH)2 were 
prepared by means of template homogeneous precipitation, with 
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The possibility of diffusionless phase transformations in the surface 
layer of the ground part under the influence of instantaneous grinding 
temperature is investigated and analyzed. This is important because 
the phase Feα-Feγ transformations that may occur when grinding 
parts lead to the appearance of so-called grinding burns, which 2-3 
times reduce the reliability and durability of the part in the working 
mechanism. The mechanism of phase transformations, the critical tem-
perature of these transformations and the associated processing modes 
that provide this temperature are determined. This allows a reasonable 
approach to the definition of grinding modes and, if necessary, the ap-
plication of the cooling method. In addition, the problem of optimiz-
ing grinding regimes can be solved if the processing performance is 
taken as a target function, and grinding temperature as a limitation. 
With rapid surface heating of the hardened steel part by the grinding 
temperature above the Ac1 line, there is a reverse martensitic trans-
formation Feα→Feγ. The martensite range during cooling Mn-Mk to 
a large extent covers negative temperatures. Therefore, austenite is 
partially fixed in the surface layer, forming a so-called quenching burn. 
Dependences for determining the formation temperature for steel of 
any chemical composition, give the possibility to maintain the value of 
grinding temperature below this level during grinding. The mechanism 
of diffusionless reverse martensitic transformation in the high-speed 
surface heating by cutting grains (instantaneous temperature) is con-
sidered. The heating rate and the effect of the pressure produced by the 
abrasive grain on the metal during the chip removal are experimentally 
determined. Thus, the possibility of diffusionless phase transformation 
is substantiated and the dependences for the calculation of austenite 
formation temperatures are given, which in turn provides the opportu-
nity to calculate safe processing regimes.

Keywords: austenite, martensite, γ-iron, α-iron, heating rate, 
transformation temperature, martensite range, surface layer, critical 
temperature.
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In the CVD method, samples of carbon condensates were ob-
tained under special conditions (low substrate temperature and 
short growth times). The use of special technological conditions 
makes it possible to study the initial stages of growth of graphene 
layers. To analyze the influence of the microinhomogeneities of the 
copper substrate on growth conditions, various modes of its electro-
chemical polishing were used in the study. The structural state of the 
surface was studied using computer processing of digital images of a 
surface with color segmentation. A metallographic analysis of more 
than 70 samples was carried out and three main structural elements 
of the initial stage of growth of graphene layers were identified on 
the basis of computer image processing during condensation. These 
are graphene layers, sections of a copper substrate and a cluster of at-
oms with a structural state different from the graphene (presumably 
amorphous). It has been established that preparation of the substrate 
surface should be attributed to the most important technological 
operations for obtaining a high-quality graphene coating. It has 
been found that the use of multicomponent electrolytes during the 

analysis. Microstructure was investigated at a scanning electron 
microscope in a combination with an X-ray microanalysis using 
the non-reference calculation method for fundamental parameters. 
It was determined that slags from the alumothermic production of 
ligatures АHМ-50 and АМVТ consist of CaAl4O7 and compounds 
AlV2O4 and CrO2. That could indicate a certain level of doping the 
alloy with the refractory elements. The phases of Al75Mo20W5 and 
Mo(Si, Al)3, which could be represented by metallic inclusions, 
were identified in the slag from the MFTA ligature smelting. The 
phases of scale of steel slag R6M5 are mostly represented by Fe3O4, 
Fe2O3 and FeO. In addition, FeWO4, MoO2, WC, Mo2C were found, 
which is explained by the elevated degree of W and Mo doping. It is 
not ruled out that a certain part of atoms in the alloying elements, 
including Cr and V, could exist in the form of replacement atoms in 
Fe oxides. The microstructure of the examined slags and scale was 
characterized by the disordered particles of different size and shape. 
The presence of particles with a relatively high content of alloying 
elements was detected in scale. Compounds with an elevated suscep-
tibility to sublimation are absent in the studied materials. That leads 
to a relatively high degree of using the alloying elements and lowers 
certain restrictions for adding the examined slags to slag-forming 
mixtures and for temperature limits of melting modes. The use of 
slags from the alumothermic production, as well as scale of rapid cut-
ting steels, in the charge for the smelting of a doping alloy ensured 
the extraction of refractory elements and an additional doping of the 
resulting product. 

Keywords: slag from alumothermic production, alloyed techno-
genic waste, steel scale, X-ray phase study.
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polishing of the copper substrate makes it possible to increase the 
uniformity in the dimensions of the structural elements of the surface 
roughness. This leads to an increase in the surface area of the forma-
tion of graphene layers already during the initial stages of growth (at 
a relatively low process temperature of 700 °C).

The obtained results testify to the prospects of using multistage 
image analysis (using the clustering method) to optimize the tech-
nological regimes for obtaining the “carbon condensate/substrate” 
systems, taking into account the initial roughness of the latter.

Keywords: carbon condensates, graphene/copper system, CVD 
process, optical microscopy, computer image processing, phase com-
position.
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An analysis of improving efficiency of aircraft engine turbines 
by means of improvement of composition of sealing coatings used in 
labyrinth seals was made. It was established that a number of con-
tradictory requirements to properties of such coatings are imposed 
at the initial stage of engine running-in and during further opera-
tion. Main types of damage of above coatings used in the design of 
labyrinth seals during operation of gas turbine engines were shown. 
In connection with the necessity of raising temperature of gases in 
turbines of aircraft engines, it was proposed to additionally dope the 
serial nickel-based coatings with yttrium-containing master alloys. 
The results of study of influence of doping of the wearing-in sealing 
coatings on operating properties in conditions of action of a high-
temperature gas flow were presented. It was found that doping of 
the KNA-82 serial coating with a multicomponent Co-Ni-Cr-Al-Y 
master alloy is the most rational solution.

It was established that the use of the developed coating in a 
temperature range of 1,100...1,200 °C makes it possible to reduce 
specific consumption of fuel by aircraft engines by improving tur-
bine efficiency and prevent wear of the end faces of ridges of the 
rotor labyrinth seal. Based on simulation of flow in the labyrinth 
seal clearance by numerical method, it was shown that the use of the 
developed coating materials in seals of the compressor turbine and 
the free turbine makes it possible to reduce amount of cooling air 
leakage into the turbine air-gas channel by reducing wear of tops of 
the labyrinth rotor seal ridge.

Keywords: gas turbine engine, efficiency, radial clearance, laby-
rinth seal, alloying, gas flow rate.

References 

1.	 Kofman, V. M. (2012). Opredelenie koefficienta poleznogo deyst-
viya turbiny GTD po parametram neravnomernyh gazovyh potokov. 
Vestnik Ufimskogo gosudarstvennogo aviacionnogo tekhnicheskogo 
universiteta, 16 (5 (50)), 39–40. 

2.	 Sporer, D., Wilson, S., Dorfman, M. (2010). Ceramics for Abradable 
Shroud Seal Applications. Ceramic Engineering and Science Pro-
ceedings, 39–54. doi: https://doi.org/10.1002/9780470584293.ch5 

3.	 Chupp, R. E., Hendricks, R. C., Lattime, S. B., Steinetz, B. M. (2006). 
Sealing in turbomachinery. NASA/TM-2006-214341, 62.

4.	 Bondarchuk, P. V., Tisarev, A. Yu., Lavrushin, M. V. (2012). Raz-
rabotka metodiki rascheta sistemy upravleniya radial’nymi zazorami 
v turbine GTD. Vestnik Samarskogo gosudarstvennogo aerokosmi-
cheskogo universiteta, 3 (34), 272–278. 

5.	 Inozemcev, A. A., Bazhin, S. V., Snitko, M. A. (2012). Voprosy 
optimizacii radial’nyh zazorov TVD aviacionnogo GTD. Vestnik 
dvigatelestroeniya, 2, 149–154. 

6.	 Inozemcev, A. A., Sandrackiy, V. L. (2006). Gazoturbinnye dvigateli. 
Moscow, 1204. 

7.	 Komarov, O. A., Dmitriev, S. Yu., Dautov, D. R., Ossiala, V. B. A. 
(2017). Poteri KPD v turbine vysokogo davleniya s bandazhirovan-
noy rabochey lopatkoy. Vestnik Ufimskogo gosudarstvennogo avi-
acionnogo tekhnicheskogo universiteta, 21 (2 (76)), 70–75.

8.	 Ma, X., Matthews, A. (2009). Evaluation of abradable seal coating 
mechanical properties. Wear, 267 (9-10), 1501–1510. doi: https://
doi.org/10.1016/j.wear.2009.03.044 

9.	 Gao, S., Xue, W., Duan, D., Li, S. (2016). Tribological behaviors 
of turbofan seal couples from friction heat perspective under high-
speed rubbing condition. Friction, 4 (2), 176–190. doi: https:// 
doi.org/10.1007/s40544-016-0114-x 

10.	 Karpinos, B. S., Korovin, A. V., Lobun’ko, A. P., Vedishcheva, M. Yu. 
(2014). Ekspluatacionnye povrezhdeniya turboreaktivnyh dvuh-

29.	 Geng, D., Wu, B., Guo, Y., Huang, L., Xue, Y., Chen, J. et. al. (2012). 
Uniform hexagonal graphene flakes and films grown on liquid copper 
surface. Proceedings of the National Academy of Sciences, 109 (21), 
7992–7996. doi: https://doi.org/10.1073/pnas.1200339109 

30.	 Regmi, M., Chisholm, M. F., Eres, G. (2012). The effect of growth 
parameters on the intrinsic properties of large-area single layer gra-
phene grown by chemical vapor deposition on Cu. Carbon, 50 (1), 
134–141. doi: https://doi.org/10.1016/j.carbon.2011.07.063 

31.	 Kim, H., Mattevi, C., Calvo, M. R., Oberg, J. C., Artiglia, L., Agnoli, S.  
et. al. (2012). Activation Energy Paths for Graphene Nucleation 
and Growth on Cu. ACS Nano, 6 (4), 3614–3623. doi: https:// 
doi.org/10.1021/nn3008965 

32.	 Wang, H., Wang, G., Bao, P., Yang, S., Zhu, W., Xie, X., Zhang, W.-J.  
(2012). Controllable Synthesis of Submillimeter Single-Crystal 
Monolayer Graphene Domains on Copper Foils by Suppressing 
Nucleation. Journal of the American Chemical Society, 134 (8), 
3627–3630. doi: https://doi.org/10.1021/ja2105976 

33.	 Li, Z., Wu, P., Wang, C., Fan, X., Zhang, W., Zhai, X. et. al. (2011). 
Low-Temperature Growth of Graphene by Chemical Vapor Depo-
sition Using Solid and Liquid Carbon Sources. ACS Nano, 5 (4), 
3385–3390. doi: https://doi.org/10.1021/nn200854p 

34.	 Kolypaev, I. M., Sobol’, O. V., Myrakhovskiy, O. V., Levitsky, V. S., 
Larinova, T. V., Koltsova, T. S., Sobol, V. O. (2016). Estimation the 
uniformity of a polygraphene coating on copper (GCC). 2016 In-
ternational Conference on Nanomaterials: Application & Properties 
(NAP). doi: https://doi.org/10.1109/nap.2016.7757274 

35.	 Chen, K., Dzhiblin, P., Irving, A. (2001). MATLAB v matematicheskih 
issledovaniyah. Moscow: Mir, 346.

36.	 Gonsales, R., Vuds, R., Eddins, S. (2006). Cifrovaya obrabotka izo-
brazheniy v srede MATLAB. Moscow: Tekhnosfera, 616.

37.	 Madaan, A., Bhatia, M., Hooda, M. (2018). Implementation of Image 
Compression and Cryptography on Fractal Images. Lecture Notes in 
Networks and Systems, 49–61. doi: https://doi.org/10.1007/978-
981-10-8360-0_5 

38.	 Kolupaev, I., Sobol, O., Murakhovski, A., Koltsova, T., Kozlova, M.,  
Sobol, V. (2016). Use of computer processing by the method 
of multi-threshold cross sections for the analysis of optical im-
ages of fractal surface microstructure. Eastern-European Jour-
nal of Enterprise Technologies, 5 (4 (83)), 29–35. doi: https:// 
doi.org/10.15587/1729-4061.2016.81255 

39.	 Sobol’, O. V., Kolupaev, I. N., Murahovskiy, A. V., Levitskiy, V. S.  
et. al. (2016). Express Method of Analysis Morphological Parameters 
of Graphene Coatings on a Copper Substrate. Journal of Nano- 
and Electronic Physics, 8 (4 (1)), 04013-1–04013-5. doi: https:// 
doi.org/10.21272/jnep.8(4(1)).04013 

DOI: 10.15587/1729-4061.2018.140912
STUDYING AND DESIGNING IMPROVED COATINGS 
FOR LABYRINTH SEALS OF GAS TURBINE ENGINE 
TURBINES (p. 56-63)

Viktor Greshta
Zaporizhzhia National Technical University, Zaporizhzhia, Ukraine

ORCID: http://orcid.org/0000-0002-4589-6811

Daria Tkach
Zaporizhzhia National Technical University, Zaporizhzhia, Ukraine

ORCID: http://orcid.org/0000-0003-0851-1481

Ievgenii Sotnikov
Motor Sich JSC, Zaporizhzhia, Ukraine

ORCID: http://orcid.org/0000-0003-3549-2765

Dmytro Pavlenko
Zaporizhzhia National Technical University, Zaporizhzhia, Ukraine

ORCID: http://orcid.org/0000-0001-6376-2879

http://orcid.org/0000-0003-1248-6645
https://doi.org/10.1002/9780470584293.ch5
https://doi.org/10.1016/j.wear.2009.03.044
https://doi.org/10.1016/j.wear.2009.03.044
https://doi.org/10.1007/s40544-016-0114-x
https://doi.org/10.1007/s40544-016-0114-x
https://doi.org/10.1073/pnas.1200339109
https://doi.org/10.1016/j.carbon.2011.07.063
https://doi.org/10.1021/nn3008965
https://doi.org/10.1021/nn3008965
https://doi.org/10.1021/ja2105976
https://doi.org/10.1021/nn200854p
https://doi.org/10.1109/nap.2016.7757274
https://doi.org/10.1007/978-981-10-8360-0_5
https://doi.org/10.1007/978-981-10-8360-0_5
https://doi.org/10.15587/1729-4061.2016.81255
https://doi.org/10.15587/1729-4061.2016.81255
https://doi.org/10.21272/jnep.8
https://doi.org/10.21272/jnep.8
http://orcid.org/0000-0002-4589-6811
http://orcid.org/0000-0003-0851-1481
http://orcid.org/0000-0003-3549-2765
http://orcid.org/0000-0001-6376-2879


74

Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 4/12 ( 94 ) 2018

metodov proektirovaniya osevyh turbomashin. Eastern-European 
Journal of Enterprise Technologies, 4 (5 (40)), 12–18. Available at: 
http://journals.uran.ua/eejet/article/view/21063/19508

17.	 Bielikov, S. B., Hreshta, V. L., Tkach, D. V. et. al. (2017). Otsinka 
ekspluatatsiynoi nadiinosti teplozakhysnykh ushchilniuvalnykh 
pokryttiv detalei hazoturbinnykh dvyhuniv. Novi materialy i tekh-
nolohiyi v metalurhii ta mashynobuduvanni, 2, 14–17.

18.	 Greshta, V. L., Tkach, D. V., Klimov, A. V., Sotnikov, E. G., Le-
khovicer, Z. V., Stepanova, L. P. (2016). Issledovanie fazovogo 
sostava zharostoykih uplotnitel’nyh pokrytiy, primenyaemyh v 
GTD. Aviacionno-kosmicheskaya tekhnika i tekhnologiya, 8,  
113–121.

19.	 Umanskiy, A. P., Polyarus, E. N., Kostenko, A. D., Terent’ev, A. E. 
(2012). Vliyanie sostava pokrytiy na osnove intermetallidov nikelya 
na mekhanizmy ih iznashivaniya v usloviyah vysokotemperaturnyh 
triboispytaniy. Problemy trybolohiyi, 3, 123–127.

20.	 Makarov, A., Zaytsev, N. (2015). Engineering and theoretical prob-
lems of labyrinth seals application in high-speed rotor machines. 
Perm National Research Polytechnic University Aerospace Engi-
neering Bulletin, 42, 61–81. doi: https://doi.org/10.15593/2224-
9982/2015.42.05 

21.	 Reznik, S. B., Bandurko, E. A. (2013). Raschetno-eksperimental’naya 
ocenka effektivnosti razlichnyh tipov labirintnyh uplotneniy. Vestnik 
dvigatelestroeniya, 10 (107), 189–193.

konturnyh aviacionnyh dvigateley s forsazhnoy kameroy sgoraniya. 
Vestnik dvigatelestroeniya, 1.

11.	 Fois, N., Watson, M., Marshall, M. (2016). The influence of mate-
rial properties on the wear of abradable materials. Proceedings 
of the Institution of Mechanical Engineers, Part J: Journal of 
Engineering Tribology, 231 (2), 240–253. doi: https://doi.org/ 
10.1177/1350650116649528 

12.	 Hardwicke, C. U., Lau, Y.-C. (2013). Advances in Thermal Spray 
Coatings for Gas Turbines and Energy Generation: A Review. Jour-
nal of Thermal Spray Technology, 22 (5), 564–576. doi: https:// 
doi.org/10.1007/s11666-013-9904-0 

13.	 Faraoun, H. I., Seichepine, J. L., Coddet, C., Aourag, H., Zwick, J., 
Hopkins, N. et. al. (2006). Modelling route for abradable coatings. 
Surface and Coatings Technology, 200 (22-23), 6578–6582. doi: 
https://doi.org/10.1016/j.surfcoat.2005.11.105 

14.	 Voevodin, A. A., Erohin, A. L., Spasskiy, S. E. (1991). Model’ vybora 
skhemy mnogosloynogo ionno-plazmennogo pokrytiya na osnove 
rascheta napryazheniy v ego sloyah. Poverhnost’. Fizika, himiya, 
mekhanika, 9, 78–84.

15.	 Dvirnik, Ya. V., Pavlenko, D. V. (2014). Metodika modelirovaniya 
techeniya potoka v osevom kompressore GTD chislennym metodom. 
Vestnik dvigatelestroeniya, 1, 34–40. 

16.	 Koval’, V. A., Anurov, Yu. M., Belyaeva, S. O., Kovaleva, E. A., Yaro-
slavcev, S. V. (2009). Chislenniy analiz vozmozhnostey 2-D i 3-D 

http://journals.uran.ua/eejet/article/view/21063/19508
https://doi.org/10.15593/2224-9982/2015.42.05
https://doi.org/10.15593/2224-9982/2015.42.05
https://doi.org/
https://doi.org/10.1007/s11666-013-9904-0
https://doi.org/10.1007/s11666-013-9904-0
https://doi.org/10.1016/j.surfcoat.2005.11.105

