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Abstract 

This study examines the effect of deformation force on the surface layer of 40Kh steel during 

vibration-centrifugal hardening, which results in the formation of a nanocrystalline structure with 

increased microhardness and wear resistance. The deformation force, which is regulated by changing 

the tool’s mass and eccentricity, ranges from 477.1 to 2044.5 N. Its magnitude influences the grain 

size, which varies from 19 to 43 nm, dislocation density, microhardness, and depth of the hardened 

layer. The grain sizes and the density of dislocations formed in the surface layer were determined 

using x-ray diffraction patterns. The initial ferrite–pearlite structure transforms into a ferritic 

nanostructure with simultaneous cementite dissolution under cold plastic deformation. This treatment 

reduces the friction coefficient of pairs, thereby lowering the temperature in the friction contact zone. 

At deformation forces ranging from 795.1 to 1703.7 N, the friction coefficients of the pairs in an oil 

medium decrease by 1.8 to 2.57 times compared with those of hardened samples. Similarly, under 

the same conditions, the temperature in the contact zone of the friction pairs decreases by 1.42 to 1.9 

times. The structural change resulting from vibration-centrifugal hardening increases the wear 

resistance of friction pairs in an oil medium: the ring resistance increases by 1.72 times, and the insert 

resistance increases by 2.5 times compared with that of hardened samples because of the reduction in 

the friction coefficient of the pair and the temperature in the contact zone. 

 

Data Availability 

The data used to support the findings of this study are available from the corresponding author upon 

request. 

 

References 

1. I. Javorskyj, I. Matsko, R. Yuzefovych, O. Lychak, and R. Lys, Methods of Hidden Periodicity 

Discovering for Gearbox Fault Detection, Sensors, 2021, 21, p 6138. 

https://doi.org/10.3390/s21186138 

Article PubMed PubMed Central Google Scholar  

2. I. Yavorskyj, R. Yuzefovych, I. Kravets, and I. Matsko, Properties of Characteristics Estimators 

of Periodically Correlated Random Processes in Preliminary Determination of the Period of 

Correlation, Radioelectron. Commun. Syst., 2012, 55(8), p 335–348. 

https://doi.org/10.3103/S0735272712080018 

Article Google Scholar  

3. M. Bembenek, V. Kopei, L. Ropyak, and K. Levchuk, Stressed State of Chrome Parts During 

Diamond Burnishing, Metallofizika I Noveishie Tekhnolo., 2023, 45(2), p 239–250. 

https://doi.org/10.15407/mfint.45.02.0239 

https://doi.org/10.3390/s21186138
https://doi.org/10.3390%2Fs21186138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=34577345
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8472988
http://scholar.google.com/scholar_lookup?&title=Methods%20of%20Hidden%20Periodicity%20Discovering%20for%20Gearbox%20Fault%20Detection&journal=Sensors&doi=10.3390%2Fs21186138&volume=21&publication_year=2021&author=Javorskyj%2CI&author=Matsko%2CI&author=Yuzefovych%2CR&author=Lychak%2CO&author=Lys%2CR
https://doi.org/10.3103/S0735272712080018
https://doi.org/10.3103%2FS0735272712080018
http://scholar.google.com/scholar_lookup?&title=Properties%20of%20Characteristics%20Estimators%20of%20Periodically%20Correlated%20Random%20Processes%20in%20Preliminary%20Determination%20of%20the%20Period%20of%20Correlation&journal=Radioelectron.%20Commun.%20Syst.&doi=10.3103%2FS0735272712080018&volume=55&issue=8&pages=335-348&publication_year=2012&author=Yavorskyj%2CI&author=Yuzefovych%2CR&author=Kravets%2CI&author=Matsko%2CI
https://doi.org/10.15407/mfint.45.02.0239


Article CAS Google Scholar  

4. I.P. Shatskyi, L.Y. Ropyak, and M.V. Makoviichuk, Strength Optimization of a Two-Layer 

Coating for the Particular Local Loading Conditions, Strength Mater., 2016, 48(5), p 726–730. 

https://doi.org/10.1007/s11223-016-9817-5 

Article Google Scholar  

5. M. Student, S. Markovych, V. Hvozdetsyi, O. Kalachan, and V. Yuskiv, Abrasive Wear Resistance 

and Tribological Characteristics of Electrometallized Composite Coatings, Mater. Sci., 2022, 

58(1), p 96–104. https://doi.org/10.1007/s11003-022-00636-4 

Article CAS Google Scholar  

6. V. Posuvailo, I. Kovalchuk, and I. Ivasenko, Influance of Hydrogen Peroxide on the Composition 

and Porosity of Oxide-Ceramic Coatings on Alloys of the Al-Si-Cu and Al-Cu-Mg Systems, 

Mater. Sci., 2022, 57(6), p 894–899. https://doi.org/10.1007/s11003-022-00619-5 

Article CAS Google Scholar  

7. V. Babak, N. Fialko, V. Shchepetov, S. Kharchenko, Y. Hladkyi, and S. Bys, Self-Lubricating 

Glass Composite Nanocoatings, Mater. Sci., 2023, 59(1), p 33–39. 

https://doi.org/10.1007/s11003-023-00740-z 

Article CAS Google Scholar  

8. L. Quintino, Overview of Coating Technologies, Woodhead Publishing, In Surface Modification 

by Solid State Processing, 2014. https://doi.org/10.1533/9780857094698.1 

Book Google Scholar  

9. M. Student and I. Pohrelyuk, Modification of the Surfaces of Aluminium and Titanium Alloys 

Aimed at the Improvement of their Wear Resistance and Tribological Properties, Mater. Sci., 2022, 

57(3), p 377–386. https://doi.org/10.1007/s11003-021-00552-z 

Article CAS Google Scholar  

10. N. Stechyshyna, M. Stechyshyn, V. Oleksanderko, A. Lytvynenko, A. Martyniuk, V. 

Sukhnenko, and M. Tsepeniuk, Influance of the Power Parameters of Hydrogen-Free Nitriding in 

Glow Discharge on the Physicochemical Properties of 40Kh Steel, Mater. Sci., 2022, 57(4), p 484–

491. https://doi.org/10.1007/s11003-022-00569-y 

Article CAS Google Scholar  

11. T.O. Olugbade and J. Lu, Literature Review on the Mechanical Properties of Materials after 

Surface Mechanical Attrition Treatment (SMAT), Nano Mater. Sci., 2020, 2, p 3–31. 

https://doi.org/10.1016/j.nanoms.2020.04.002 

Article Google Scholar  

12. A.V. Khomenko, Severe Plastic Deformation: Methods and Mathematical Models of 

Nanomaterials Formation, J. Phys. Stud., 2020, 24(2), p 1–20. 

Article Google Scholar  

https://doi.org/10.15407%2Fmfint.45.02.0239
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB3sXhtVelu7fE
http://scholar.google.com/scholar_lookup?&title=Stressed%20State%20of%20Chrome%20Parts%20During%20Diamond%20Burnishing&journal=Metallofizika%20I%20Noveishie%20Tekhnolo.&doi=10.15407%2Fmfint.45.02.0239&volume=45&issue=2&pages=239-250&publication_year=2023&author=Bembenek%2CM&author=Kopei%2CV&author=Ropyak%2CL&author=Levchuk%2CK
https://doi.org/10.1007/s11223-016-9817-5
https://link.springer.com/article/10.1007/s11223-016-9817-5
http://scholar.google.com/scholar_lookup?&title=Strength%20Optimization%20of%20a%20Two-Layer%20Coating%20for%20the%20Particular%20Local%20Loading%20Conditions&journal=Strength%20Mater.&doi=10.1007%2Fs11223-016-9817-5&volume=48&issue=5&pages=726-730&publication_year=2016&author=Shatskyi%2CIP&author=Ropyak%2CLY&author=Makoviichuk%2CMV
https://doi.org/10.1007/s11003-022-00636-4
https://link.springer.com/article/10.1007/s11003-022-00636-4
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB38XjtFCltbzO
http://scholar.google.com/scholar_lookup?&title=Abrasive%20Wear%20Resistance%20and%20Tribological%20Characteristics%20of%20Electrometallized%20Composite%20Coatings&journal=Mater.%20Sci.&doi=10.1007%2Fs11003-022-00636-4&volume=58&issue=1&pages=96-104&publication_year=2022&author=Student%2CM&author=Markovych%2CS&author=Hvozdetsyi%2CV&author=Kalachan%2CO&author=Yuskiv%2CV
https://doi.org/10.1007/s11003-022-00619-5
https://link.springer.com/article/10.1007/s11003-022-00619-5
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB38XjtValtrjL
http://scholar.google.com/scholar_lookup?&title=Influance%20of%20Hydrogen%20Peroxide%20on%20the%20Composition%20and%20Porosity%20of%20Oxide-Ceramic%20Coatings%20on%20Alloys%20of%20the%20Al-Si-Cu%20and%20Al-Cu-Mg%20Systems&journal=Mater.%20Sci.&doi=10.1007%2Fs11003-022-00619-5&volume=57&issue=6&pages=894-899&publication_year=2022&author=Posuvailo%2CV&author=Kovalchuk%2CI&author=Ivasenko%2CI
https://doi.org/10.1007/s11003-023-00740-z
https://link.springer.com/article/10.1007/s11003-023-00740-z
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB2cXjsleitA%3D%3D
http://scholar.google.com/scholar_lookup?&title=Self-Lubricating%20Glass%20Composite%20Nanocoatings&journal=Mater.%20Sci.&doi=10.1007%2Fs11003-023-00740-z&volume=59&issue=1&pages=33-39&publication_year=2023&author=Babak%2CV&author=Fialko%2CN&author=Shchepetov%2CV&author=Kharchenko%2CS&author=Hladkyi%2CY&author=Bys%2CS
https://doi.org/10.1533/9780857094698.1
https://doi.org/10.1533%2F9780857094698.1
http://scholar.google.com/scholar_lookup?&title=Overview%20of%20Coating%20Technologies&doi=10.1533%2F9780857094698.1&publication_year=2014&author=Quintino%2CL
https://doi.org/10.1007/s11003-021-00552-z
https://link.springer.com/article/10.1007/s11003-021-00552-z
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB38XivFOlsLk%3D
http://scholar.google.com/scholar_lookup?&title=Modification%20of%20the%20Surfaces%20of%20Aluminium%20and%20Titanium%20Alloys%20Aimed%20at%20the%20Improvement%20of%20their%20Wear%20Resistance%20and%20Tribological%20Properties&journal=Mater.%20Sci.&doi=10.1007%2Fs11003-021-00552-z&volume=57&issue=3&pages=377-386&publication_year=2022&author=Student%2CM&author=Pohrelyuk%2CI
https://doi.org/10.1007/s11003-022-00569-y
https://link.springer.com/article/10.1007/s11003-022-00569-y
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB38XitFCqtL3I
http://scholar.google.com/scholar_lookup?&title=Influance%20of%20the%20Power%20Parameters%20of%20Hydrogen-Free%20Nitriding%20in%20Glow%20Discharge%20on%20the%20Physicochemical%20Properties%20of%2040Kh%20Steel&journal=Mater.%20Sci.&doi=10.1007%2Fs11003-022-00569-y&volume=57&issue=4&pages=484-491&publication_year=2022&author=Stechyshyna%2CN&author=Stechyshyn%2CM&author=Oleksanderko%2CV&author=Lytvynenko%2CA&author=Martyniuk%2CA&author=Sukhnenko%2CV&author=Tsepeniuk%2CM
https://doi.org/10.1016/j.nanoms.2020.04.002
https://doi.org/10.1016%2Fj.nanoms.2020.04.002
http://scholar.google.com/scholar_lookup?&title=Literature%20Review%20on%20the%20Mechanical%20Properties%20of%20Materials%20after%20Surface%20Mechanical%20Attrition%20Treatment%20%28SMAT%29&journal=Nano%20Mater.%20Sci.&doi=10.1016%2Fj.nanoms.2020.04.002&volume=2&pages=3-31&publication_year=2020&author=Olugbade%2CTO&author=Lu%2CJ
https://doi.org/10.30970%2Fjps.24.2001
http://scholar.google.com/scholar_lookup?&title=Severe%20Plastic%20Deformation%3A%20Methods%20and%20Mathematical%20Models%20of%20Nanomaterials%20Formation&journal=J.%20Phys.%20Stud.&doi=10.30970%2Fjps.24.2001&volume=24&issue=2&pages=1-20&publication_year=2020&author=Khomenko%2CAV


13. V. Gurey and I. Hurey, The Effect of the Hardened Nanocrystalline Surface Layer on 

Durability of Guideways. Adv Manufacturing Proc Inter Partner 2019. Lecture Notes in 

Mechanical Eng. Springer, Cham, 2020, p. 63–72. https://doi.org/10.1007/978-3-030-40724-7_7 

14. M.O. Vasylyev, B.N. Mordyuk, S.M. Voloshko, and D.A. Lesyk, Microstructure Evolution 

of the Carbon Steels during surface Severe Plastic Deformation, Progress Phys. Met., 2021, 22(4), 

p 562–618. 

Article CAS Google Scholar  

15. V. Gurey, P. Maruschak, I. Hurey, V. Dzyura, T. Hurey, and W. Wojtowicz, Dynamic 

Analysis of the Thermo-Deformation Treatment Process of Flat Surfaces of Machine Parts, J. 

Manuf. Mater. Process., 2023, 7, p 101. https://doi.org/10.3390/jmmp7030101 

Article CAS Google Scholar  

16. Y. Kyryliv, V. Kyryliv, N. Sas, and V. Dutka, Residual Stresses Formed by Vibration-

Centrifugal Hardening, Adv. Mater. Sci. Eng., 2020, 2020, p 5189473. 

https://doi.org/10.1155/2020/5189473 

Article Google Scholar  

17. V. Kyryliv, Y. Kyryliv, and N. Sas, Formation of surface Ultrafine Grain Structure and their 

Physical and Mechanical Characteristics using Vibration-Centrifugal Hardening, Adv. Mater. Sci. 

Eng., 2018, 2018, p 3152170. https://doi.org/10.1155/2018/3152170 

Article CAS Google Scholar  

18. H. Nykyforchyn, V. Kyryliv, O. Maksymiv, and O. Zvirko, Mechanical Fabrication Methods 

of Nanostructured Surfaces, Handbook of Modern Coating Technologies. Elsevier, 2021, p 25–67. 

https://doi.org/10.1016/B978-0-444-63240-1.00002-4 

Chapter Google Scholar  

19. N. Saklakoglu, A. Bolouri, S.G. Irizalp et al., Effects of shot Peening and Artificial Surface 

Defects on Fatigue Properties of 50CrV4 Steel, Int. J. Adv. Manuf. Technol., 2021, 112, p 2961–

2970. https://doi.org/10.1007/s00170-020-06532-y 

Article Google Scholar  

20. W.L. Chan and K.F. Cheng, Hammer Peening Technology—the Past, Present, and Future, Int. 

J. Adv. Manuf. Technol., 2022, 118, p 683–701. https://doi.org/10.1007/s00170-021-07993-5 

Article Google Scholar  

21. T.M. Kalichak, V.I. Kyryliv, and S.V. Fenchyn, Mechanopulsed Hardening of Long 

Components of the Hydraulic Cylinder Rod Type, Mater. Sci., 1989, 25(1), p 96–99. 

https://doi.org/10.1007/BF00727938 

Article Google Scholar  

22. W. Lei, Y. Yong, W. Yaming, and J. Ying, Effect of Nanocrystalline Surface and Iron-

Containing Layer Obtained by SMAT on Tribological Properties of 2024 Al Alloy, Rare Metal. 

Mat. Eng., 2015, 44(6), p 1320–1325. https://doi.org/10.1016/S1875-5372(15)30082-5 

Article Google Scholar  

https://doi.org/10.1007/978-3-030-40724-7_7
https://doi.org/10.15407%2Fufm.22.04.562
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB38XhtVait73P
http://scholar.google.com/scholar_lookup?&title=Microstructure%20Evolution%20of%20the%20Carbon%20Steels%20during%20surface%20Severe%20Plastic%20Deformation&journal=Progress%20Phys.%20Met.&doi=10.15407%2Fufm.22.04.562&volume=22&issue=4&pages=562-618&publication_year=2021&author=Vasylyev%2CMO&author=Mordyuk%2CBN&author=Voloshko%2CSM&author=Lesyk%2CDA
https://doi.org/10.3390/jmmp7030101
https://doi.org/10.3390%2Fjmmp7030101
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB3sXhsVemsLzN
http://scholar.google.com/scholar_lookup?&title=Dynamic%20Analysis%20of%20the%20Thermo-Deformation%20Treatment%20Process%20of%20Flat%20Surfaces%20of%20Machine%20Parts&journal=J.%20Manuf.%20Mater.%20Process.&doi=10.3390%2Fjmmp7030101&volume=7&publication_year=2023&author=Gurey%2CV&author=Maruschak%2CP&author=Hurey%2CI&author=Dzyura%2CV&author=Hurey%2CT&author=Wojtowicz%2CW
https://doi.org/10.1155/2020/5189473
https://doi.org/10.1155%2F2020%2F5189473
http://scholar.google.com/scholar_lookup?&title=Residual%20Stresses%20Formed%20by%20Vibration-Centrifugal%20Hardening&journal=Adv.%20Mater.%20Sci.%20Eng.&doi=10.1155%2F2020%2F5189473&volume=2020&publication_year=2020&author=Kyryliv%2CY&author=Kyryliv%2CV&author=Sas%2CN&author=Dutka%2CV
https://doi.org/10.1155/2018/3152170
https://doi.org/10.1155%2F2018%2F3152170
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BC1MXit1OmsLbI
http://scholar.google.com/scholar_lookup?&title=Formation%20of%20surface%20Ultrafine%20Grain%20Structure%20and%20their%20Physical%20and%20Mechanical%20Characteristics%20using%20Vibration-Centrifugal%20Hardening&journal=Adv.%20Mater.%20Sci.%20Eng.&doi=10.1155%2F2018%2F3152170&volume=2018&publication_year=2018&author=Kyryliv%2CV&author=Kyryliv%2CY&author=Sas%2CN
https://doi.org/10.1016/B978-0-444-63240-1.00002-4
https://doi.org/10.1016%2FB978-0-444-63240-1.00002-4
http://scholar.google.com/scholar_lookup?&title=Mechanical%20Fabrication%20Methods%20of%20Nanostructured%20Surfaces&doi=10.1016%2FB978-0-444-63240-1.00002-4&pages=25-67&publication_year=2021&author=Nykyforchyn%2CH&author=Kyryliv%2CV&author=Maksymiv%2CO&author=Zvirko%2CO
https://doi.org/10.1007/s00170-020-06532-y
https://link.springer.com/article/10.1007/s00170-020-06532-y
http://scholar.google.com/scholar_lookup?&title=Effects%20of%20shot%20Peening%20and%20Artificial%20Surface%20Defects%20on%20Fatigue%20Properties%20of%2050CrV4%20Steel&journal=Int.%20J.%20Adv.%20Manuf.%20Technol.&doi=10.1007%2Fs00170-020-06532-y&volume=112&pages=2961-2970&publication_year=2021&author=Saklakoglu%2CN&author=Bolouri%2CA&author=Irizalp%2CSG
https://doi.org/10.1007/s00170-021-07993-5
https://link.springer.com/article/10.1007/s00170-021-07993-5
http://scholar.google.com/scholar_lookup?&title=Hammer%20Peening%20Technology%E2%80%94the%20Past%2C%20Present%2C%20and%20Future&journal=Int.%20J.%20Adv.%20Manuf.%20Technol.&doi=10.1007%2Fs00170-021-07993-5&volume=118&pages=683-701&publication_year=2022&author=Chan%2CWL&author=Cheng%2CKF
https://doi.org/10.1007/BF00727938
https://link.springer.com/article/10.1007/BF00727938
http://scholar.google.com/scholar_lookup?&title=Mechanopulsed%20Hardening%20of%20Long%20Components%20of%20the%20Hydraulic%20Cylinder%20Rod%20Type&journal=Mater.%20Sci.&doi=10.1007%2FBF00727938&volume=25&issue=1&pages=96-99&publication_year=1989&author=Kalichak%2CTM&author=Kyryliv%2CVI&author=Fenchyn%2CSV
https://doi.org/10.1016/S1875-5372(15)30082-5
https://doi.org/10.1016%2FS1875-5372%2815%2930082-5
http://scholar.google.com/scholar_lookup?&title=Effect%20of%20Nanocrystalline%20Surface%20and%20Iron-Containing%20Layer%20Obtained%20by%20SMAT%20on%20Tribological%20Properties%20of%202024%20Al%20Alloy&journal=Rare%20Metal.%20Mat.%20Eng.&doi=10.1016%2FS1875-5372%2815%2930082-5&volume=44&issue=6&pages=1320-1325&publication_year=2015&author=Lei%2CW&author=Yong%2CY&author=Yaming%2CW&author=Ying%2CJ


23. D.K. Dwivedi, Surface Engineering: Enhancing Life of Tribological Components. Springer, 

New Delhi, 2018. https://doi.org/10.1007/978-81-322-3779-2 

24. X. Chen, X. Xie, Y. Zhang, H. Wang, and Z. Liang, Tungsten Carbide Coating Prepared By 

Ultrasonic Shot Peening To Improve The Wear Properties Of Magnesium Alloys, J. Mater. Res. 

Technol., 2023, 26, p 2451–2464. https://doi.org/10.1016/j.jmrt.2023.08.079 

Article CAS Google Scholar  

25. H. Nykyforchyn, E. Lunarska, V. Kyryliv, and O. Maksymiv, Influence of hydrogen on the 

mechanical properties of steels with the surface nanostructure. In: Fesenko, O., Yatsenko, L. (Eds.) 

Nanoplasmonics, Nano-Optics, Nanocomposites, and Surface Studies. Springer Proceedings in 

Physics, 167. Springer, Cham, 2015, 457–465. https://doi.org/10.1007/978-3-319-18543-9_32 

26. V. Kyryliv, V. Gurey, O. Maksymiv, I. Hurey, and Y. Kulyk, Influence of the Deformation 

Mode on the Force Conditions of Formation of the Surface Nanostructure of 40Kh Steel, Mater. 

Sci., 2021, 57(3), p 422–427. https://doi.org/10.1007/s11003-021-00556-9 

Article Google Scholar  

27. Y. Kyryliv, V. Kyryliv, B. Tsizh et al., Resistance of Surface Nanostructures and Ultrafine 

Grain Structures on Steel 40Kh to Wear and Cavitation-Erosive Destruction, Appl. Nanosci., 2022, 

12, p 1085–1090. https://doi.org/10.1007/s13204-021-01751-5 

Article CAS Google Scholar  

28. I.S. Aftanaziv, A.P. Gavrysh, P.O. Kyrychok et al., Improvement of the Reliability of Machine 

Parts by Plastic Surface Straining. A Textbook, ZhITI, Zhytomyr, 2001. 

29. W. Kraus and G. Nolze, Powder Cell–a Program for the Representation and Manipulation of 

Crystal Structures and Calculation the Resulting x-ray Powder Patterns, J. Appl. Cryst., 1996, 29, 

p 301–303. https://doi.org/10.1107/S0021889895014920 

Article CAS Google Scholar  

30. L.G. Akselrud, P.Y. Zavalii, Y.N. Gryn, V.K. Pecharski, B. Baumgartner, and E. Wölfel, Use 

of the CSD Program Package for Structure Determination From Powder Data, Mater. Sci. Forum, 

1993, 133–136, p 335–342. https://doi.org/10.4028/www.scientific.net/MSF.133-136.335 

Article Google Scholar  

31. B. Fu, C. Pei, H. Pan, Y. Guo, L. Fu, and A. Shan, Hall-Petch Relationship of Interstitial-Free 

Steel with a Wide Grain Size Range Processed by Asymmetric Rolling and Subsequent Annealing, 

Mater. Res. Express, 2020, 7, p 116516. https://doi.org/10.1088/2053-1591/abc79f 

Article CAS Google Scholar  

32. Y.J. Li, P. Choi, C. Borchers et al., Atomic-Scale Mechanisms of Deformation-Induced 

Cementite Decomposition in Pearlite, Acta Mater., 2011, 59(10), p 3965–3977. 

https://doi.org/10.1016/j.actamat.2011.03.022 

Article CAS Google Scholar  

33. R. Hossain, F. Pahlevani, E. Witteveen et al., Hybrid Structure of White Layer in High Carbon 

Steel–Formation Mechanism and its Properties, Sci. Rep., 2017 https://doi.org/10.1038/s41598-

017-13749-7 

https://doi.org/10.1007/978-81-322-3779-2
https://doi.org/10.1016/j.jmrt.2023.08.079
https://doi.org/10.1016%2Fj.jmrt.2023.08.079
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB3sXhslansr3J
http://scholar.google.com/scholar_lookup?&title=Tungsten%20Carbide%20Coating%20Prepared%20By%20Ultrasonic%20Shot%20Peening%20To%20Improve%20The%20Wear%20Properties%20Of%20Magnesium%20Alloys&journal=J.%20Mater.%20Res.%20Technol.&doi=10.1016%2Fj.jmrt.2023.08.079&volume=26&pages=2451-2464&publication_year=2023&author=Chen%2CX&author=Xie%2CX&author=Zhang%2CY&author=Wang%2CH&author=Liang%2CZ
https://doi.org/10.1007/978-3-319-18543-9_32
https://doi.org/10.1007/s11003-021-00556-9
https://link.springer.com/article/10.1007/s11003-021-00556-9
http://scholar.google.com/scholar_lookup?&title=Influence%20of%20the%20Deformation%20Mode%20on%20the%20Force%20Conditions%20of%20Formation%20of%20the%20Surface%20Nanostructure%20of%2040Kh%20Steel&journal=Mater.%20Sci.&doi=10.1007%2Fs11003-021-00556-9&volume=57&issue=3&pages=422-427&publication_year=2021&author=Kyryliv%2CV&author=Gurey%2CV&author=Maksymiv%2CO&author=Hurey%2CI&author=Kulyk%2CY
https://doi.org/10.1007/s13204-021-01751-5
https://link.springer.com/article/10.1007/s13204-021-01751-5
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB3MXls1Wiurk%3D
http://scholar.google.com/scholar_lookup?&title=Resistance%20of%20Surface%20Nanostructures%20and%20Ultrafine%20Grain%20Structures%20on%20Steel%2040Kh%20to%20Wear%20and%20Cavitation-Erosive%20Destruction&journal=Appl.%20Nanosci.&doi=10.1007%2Fs13204-021-01751-5&volume=12&pages=1085-1090&publication_year=2022&author=Kyryliv%2CY&author=Kyryliv%2CV&author=Tsizh%2CB
https://doi.org/10.1107/S0021889895014920
https://doi.org/10.1107%2FS0021889895014920
https://link.springer.com/articles/cas-redirect/1:CAS:528:DyaK28XjvVektL8%3D
http://scholar.google.com/scholar_lookup?&title=Powder%20Cell%E2%80%93a%20Program%20for%20the%20Representation%20and%20Manipulation%20of%20Crystal%20Structures%20and%20Calculation%20the%20Resulting%20x-ray%20Powder%20Patterns&journal=J.%20Appl.%20Cryst.&doi=10.1107%2FS0021889895014920&volume=29&pages=301-303&publication_year=1996&author=Kraus%2CW&author=Nolze%2CG
https://doi.org/10.4028/www.scientific.net/MSF.133-136.335
https://doi.org/10.4028%2Fwww.scientific.net%2FMSF.133-136.335
http://scholar.google.com/scholar_lookup?&title=Use%20of%20the%20CSD%20Program%20Package%20for%20Structure%20Determination%20From%20Powder%20Data&journal=Mater.%20Sci.%20Forum&doi=10.4028%2Fwww.scientific.net%2FMSF.133-136.335&volume=133%E2%80%93136&pages=335-342&publication_year=1993&author=Akselrud%2CLG&author=Zavalii%2CPY&author=Gryn%2CYN&author=Pecharski%2CVK&author=Baumgartner%2CB&author=W%C3%B6lfel%2CE
https://doi.org/10.1088/2053-1591/abc79f
https://doi.org/10.1088%2F2053-1591%2Fabc79f
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB3MXpvVyhsQ%3D%3D
http://scholar.google.com/scholar_lookup?&title=Hall-Petch%20Relationship%20of%20Interstitial-Free%20Steel%20with%20a%20Wide%20Grain%20Size%20Range%20Processed%20by%20Asymmetric%20Rolling%20and%20Subsequent%20Annealing&journal=Mater.%20Res.%20Express&doi=10.1088%2F2053-1591%2Fabc79f&volume=7&publication_year=2020&author=Fu%2CB&author=Pei%2CC&author=Pan%2CH&author=Guo%2CY&author=Fu%2CL&author=Shan%2CA
https://doi.org/10.1016/j.actamat.2011.03.022
https://doi.org/10.1016%2Fj.actamat.2011.03.022
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BC3MXltl2lt74%3D
http://scholar.google.com/scholar_lookup?&title=Atomic-Scale%20Mechanisms%20of%20Deformation-Induced%20Cementite%20Decomposition%20in%20Pearlite&journal=Acta%20Mater.&doi=10.1016%2Fj.actamat.2011.03.022&volume=59&issue=10&pages=3965-3977&publication_year=2011&author=Li%2CYJ&author=Choi%2CP&author=Borchers%2CC
https://doi.org/10.1038/s41598-017-13749-7
https://doi.org/10.1038/s41598-017-13749-7


Article PubMed PubMed Central Google Scholar  

34. V.G. Gavriljuk, Comment on Effect of Interlamellar Spacing on Cementite Dissolution during 

Wire Drawing of Pearlitic Steel Wires, Scr. Mater., 2001, 45(12), p 1469–1472. 

https://doi.org/10.1016/S1359-6462(01)01185-X 

Article CAS Google Scholar  

35. M. Masoumi, M.A. Mohtadi-Bonab, J.L. Cardoso et al., Effect of Combined Cold 

Deformation and Subsequent Heat Treatment on the Microstructure, Texture, Mechanical 

Properties and Cementite Spheroidization in AISI 1070 Steel, J. Mater. Res. Technol., 2023, 26, p 

9406–9418. https://doi.org/10.1016/j.jmrt.2023.09.171 

Article CAS Google Scholar  

36. Y. Li, D. Raabe, M. Herbig, P.-P. Choi, S. Goto, A. Kostka, H. Yarita, C. Borchers, and R. 

Kircheim, Segregation Stabilizes Nanocrystalline Bulk Steel with Near Theoretical Strength, Phys. 

Rev. Lett., 2014, 113, p 106104. https://doi.org/10.1103/PhysRevLett.113.106104 

Article CAS PubMed Google Scholar  

37. E. Glikman and R. Bruver, Equilibrium Segregation at the grain Boundaries and 

Intercrystalline Cold Brittleness of Solid Solutions, Metallofizika, 1972, 43, p 42–63. 

Google Scholar  

38. J. Barry, and G. Byrne, TEM Study on the Surface White Layer in Two Turned Hardened 

Steels, Mater. Sci. Eng. A, 2002, 325, p 356–364. https://doi.org/10.1016/S0921-5093(01)01447-

2 

Article Google Scholar  

39. D.A. Lesyk, S. Martinez, B.N. Mordyuk, V.V. Dzhemelinskyi, A. Lamikiz, G.I. Prokopenko, 

Yu.V. Milman, and K.E. Grinkevych, Microstructure Related Enhancement in Wear Resistance of 

Tool Steel AISI D2 by Applying Laser Heat Treatment followed by Ultrasonic Impact Treatment, 

Surf. Coat. Technol., 2017, 328, p 344–354. https://doi.org/10.1016/j.surfcoat.2017.08.045 

Article CAS Google Scholar  

40. Y. Zhou, J.F. Peng, Z.P. Luo, B.B. Cao, X.S. Jin, and M.H. Zhu, Phase and Microstructural 

Evolution in White Etching Layer of a Pearlitic Steel during Rolling–Sliding Friction, Wear, 2016, 

362–363, p 8–17. https://doi.org/10.1016/j.wear.2016.05.007 

Article CAS Google Scholar  

41. H. Nykyforchyn, V. Kyryliv, and O. Maksymiv, Wear Resistance of Steels with Surface 

Nanocrystalline Structure Generated by Mechanical-Pulse Treatment, Nanoscale Res. Lett., 2017, 

12, p 150. https://doi.org/10.1186/s11671-017-1917-z 

Article CAS PubMed PubMed Central Google Scholar  

42. Y.V. Milman, B.M. Mordyuk, K.E. Grinkevych, S.I. Chugunova, I.V. Goncharova, A.I. 

Lukyanov, and D.A. Lesyk, New Opportunities to Determine the Rate of Wear of Materials at 

Friction by the Indentation Data, Progress Phys. Metals/Uspehi Fiziki Metallov., 2020, 21(4), p 

554–579. 

Google Scholar  

https://doi.org/10.1038%2Fs41598-017-13749-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=29234070
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5727163
http://scholar.google.com/scholar_lookup?&title=Hybrid%20Structure%20of%20White%20Layer%20in%20High%20Carbon%20Steel%E2%80%93Formation%20Mechanism%20and%20its%20Properties&journal=Sci.%20Rep.&doi=10.1038%2Fs41598-017-13749-7&publication_year=2017&author=Hossain%2CR&author=Pahlevani%2CF&author=Witteveen%2CE
https://doi.org/10.1016/S1359-6462(01)01185-X
https://doi.org/10.1016%2FS1359-6462%2801%2901185-X
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BD3MXoslGgsbk%3D
http://scholar.google.com/scholar_lookup?&title=Comment%20on%20Effect%20of%20Interlamellar%20Spacing%20on%20Cementite%20Dissolution%20during%20Wire%20Drawing%20of%20Pearlitic%20Steel%20Wires&journal=Scr.%20Mater.&doi=10.1016%2FS1359-6462%2801%2901185-X&volume=45&issue=12&pages=1469-1472&publication_year=2001&author=Gavriljuk%2CVG
https://doi.org/10.1016/j.jmrt.2023.09.171
https://doi.org/10.1016%2Fj.jmrt.2023.09.171
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB3sXitVWiu7%2FJ
http://scholar.google.com/scholar_lookup?&title=Effect%20of%20Combined%20Cold%20Deformation%20and%20Subsequent%20Heat%20Treatment%20on%20the%20Microstructure%2C%20Texture%2C%20Mechanical%20Properties%20and%20Cementite%20Spheroidization%20in%20AISI%201070%20Steel&journal=J.%20Mater.%20Res.%20Technol.&doi=10.1016%2Fj.jmrt.2023.09.171&volume=26&pages=9406-9418&publication_year=2023&author=Masoumi%2CM&author=Mohtadi-Bonab%2CMA&author=Cardoso%2CJL
https://doi.org/10.1103/PhysRevLett.113.106104
https://doi.org/10.1103%2FPhysRevLett.113.106104
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BC2cXhslSju7%2FO
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=25238372
http://scholar.google.com/scholar_lookup?&title=Segregation%20Stabilizes%20Nanocrystalline%20Bulk%20Steel%20with%20Near%20Theoretical%20Strength&journal=Phys.%20Rev.%20Lett.&doi=10.1103%2FPhysRevLett.113.106104&volume=113&publication_year=2014&author=Li%2CY&author=Raabe%2CD&author=Herbig%2CM&author=Choi%2CP-P&author=Goto%2CS&author=Kostka%2CA&author=Yarita%2CH&author=Borchers%2CC&author=Kircheim%2CR
http://scholar.google.com/scholar_lookup?&title=Equilibrium%20Segregation%20at%20the%20grain%20Boundaries%20and%20Intercrystalline%20Cold%20Brittleness%20of%20Solid%20Solutions&journal=Metallofizika&volume=43&pages=42-63&publication_year=1972&author=Glikman%2CE&author=Bruver%2CR
https://doi.org/10.1016/S0921-5093(01)01447-2
https://doi.org/10.1016/S0921-5093(01)01447-2
https://doi.org/10.1016%2FS0921-5093%2801%2901447-2
http://scholar.google.com/scholar_lookup?&title=TEM%20Study%20on%20the%20Surface%20White%20Layer%20in%20Two%20Turned%20Hardened%20Steels&journal=Mater.%20Sci.%20Eng.%20A&doi=10.1016%2FS0921-5093%2801%2901447-2&volume=325&pages=356-364&publication_year=2002&author=Barry%2CJ&author=Byrne%2CG
https://doi.org/10.1016/j.surfcoat.2017.08.045
https://doi.org/10.1016%2Fj.surfcoat.2017.08.045
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BC2sXhsVyitbzM
http://scholar.google.com/scholar_lookup?&title=Microstructure%20Related%20Enhancement%20in%20Wear%20Resistance%20of%20Tool%20Steel%20AISI%20D2%20by%20Applying%20Laser%20Heat%20Treatment%20followed%20by%20Ultrasonic%20Impact%20Treatment&journal=Surf.%20Coat.%20Technol.&doi=10.1016%2Fj.surfcoat.2017.08.045&volume=328&pages=344-354&publication_year=2017&author=Lesyk%2CDA&author=Martinez%2CS&author=Mordyuk%2CBN&author=Dzhemelinskyi%2CVV&author=Lamikiz%2CA&author=Prokopenko%2CGI&author=Milman%2CYuV&author=Grinkevych%2CKE
https://doi.org/10.1016/j.wear.2016.05.007
https://doi.org/10.1016%2Fj.wear.2016.05.007
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BC28XotVWgu7g%3D
http://scholar.google.com/scholar_lookup?&title=Phase%20and%20Microstructural%20Evolution%20in%20White%20Etching%20Layer%20of%20a%20Pearlitic%20Steel%20during%20Rolling%E2%80%93Sliding%20Friction&journal=Wear&doi=10.1016%2Fj.wear.2016.05.007&volume=362%E2%80%93363&pages=8-17&publication_year=2016&author=Zhou%2CY&author=Peng%2CJF&author=Luo%2CZP&author=Cao%2CBB&author=Jin%2CXS&author=Zhu%2CMH
https://doi.org/10.1186/s11671-017-1917-z
https://link.springer.com/article/10.1186/s11671-017-1917-z
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BC2sXjsVynurc%3D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=28249366
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328887
http://scholar.google.com/scholar_lookup?&title=Wear%20Resistance%20of%20Steels%20with%20Surface%20Nanocrystalline%20Structure%20Generated%20by%20Mechanical-Pulse%20Treatment&journal=Nanoscale%20Res.%20Lett.&doi=10.1186%2Fs11671-017-1917-z&volume=12&publication_year=2017&author=Nykyforchyn%2CH&author=Kyryliv%2CV&author=Maksymiv%2CO
http://scholar.google.com/scholar_lookup?&title=New%20Opportunities%20to%20Determine%20the%20Rate%20of%20Wear%20of%20Materials%20at%20Friction%20by%20the%20Indentation%20Data&journal=Progress%20Phys.%20Metals%2FUspehi%20Fiziki%20Metallov.&volume=21&issue=4&pages=554-579&publication_year=2020&author=Milman%2CYV&author=Mordyuk%2CBM&author=Grinkevych%2CKE&author=Chugunova%2CSI&author=Goncharova%2CIV&author=Lukyanov%2CAI&author=Lesyk%2CDA


43. D.A. Lesyk, S. Martinez, B.N. Mordyuk, V.V. Dzhemelinskyi, A. Lamikiz, G.I. Prokopenko, 

M.O. Iefimov, and K.E. Grinkevych, Combining Laser Transformation Hardening and Ultrasonic 

Impact Strain Hardening for Enhanced Wear Resistance of AISI 1045 Steel, Wear, 2020, 462–

463, p 203494. https://doi.org/10.1016/j.wear.2020.203494 

Article CAS Google Scholar  

44. Y. Todaka, M. Umemoto, J. Yin, Z. Liu, and K. Tsuchiya, Role of Strain Gradient on Grain 

Refinement by Severe Plastic Deformation, Mater. Sci. Eng. A, 2007, 462(1–2), p 264–268. 

https://doi.org/10.1016/j.msea.2006.03.150 

Article CAS Google Scholar  

45. V. Kyryliv, O. Maksymiv, V. Gurey, I. Hurey, Y. Kyryliv, and O. Zvirko, The Mode 

Deformation Effect on Surface Nanocrystalline Structure Formation and Wear Resistance of Steel 

41Cr4, Coatings, 2023, 13, p 249. https://doi.org/10.3390/coatings13020249 

Article CAS Google Scholar  

46. I. Hurey, P. Maruschak, A. Augousti, A. Flowers, V. Gurey, V. Dzyura, and O. Prentkovskis, 

Resistance to Wear During Friction Without Lubrication of Steel-Cast Iron Pairing with 

Nanocrystalline Structure-Reinforced Surface Layers, Lubricants, 2023, 11, p 418. 

https://doi.org/10.3390/lubricants11100418 

Article CAS Google Scholar  

47. V. Kyryliv, B. Chaikovs’kyi, O. Maksymiv, and B. Mykytchak, Fatigue and Corrosion 

Fatigue of the Roll Steels with Surface Nanostructure, J. Nano Res., 2018, 51, p 92–97. 

https://doi.org/10.4028/www.scientific.net/JNanoR.51.92 

Article CAS Google Scholar  

48. P. Guo, S. Ma, M. Jiao, P. Lv, J. Xing, L. Xu, and Z. Huang, Effect of Chromium on 

Microstructure and Oxidation Wear behavior of High-Boron High-Speed Steel at Elevated 

Temperatures, Materials, 2022, 15, p 557. https://doi.org/10.3390/ma15020557 

Article CAS PubMed PubMed Central Google Scholar  

49. D.H. Buckleu, Surface Effects in Adhesion, Friction, Wear, and Lubrication, Elsevier, New 

York, 1981. 

Google Scholar  

50. G.V. Samsonov, V.I. Kovtun, and G.A. Bovkun, Effect of Pressure on the Friction, Wear, and 

Surface Properties of the Transition Metals, Powder Metall. Met. Ceram., 1973, 12, p 337–341. 

https://doi.org/10.1007/BF00791199 

Article Google Scholar  

51. V.I. Kyryliv, V.I. Zakiev, and O.V. Maksymiv, Change of the Modulus of Elasticity of the 

Surface Nanostructurted Layer on U8 Steel, Mater. Sci., 2023, 58(6), p 795–800. 

https://doi.org/10.1007/s11003-023-00732-z 

Article CAS Google Scholar  

52. A.I. Yurkova, A.V. Byakova, A.V. Belots’ky, Y.V. Milman, and S.N. Dub, Mechanical 

Behaviour of Nanostructured Iron Fabricated by Severe Plastic Deformation Under Diffusion 

https://doi.org/10.1016/j.wear.2020.203494
https://doi.org/10.1016%2Fj.wear.2020.203494
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB3cXit12gtb%2FK
http://scholar.google.com/scholar_lookup?&title=Combining%20Laser%20Transformation%20Hardening%20and%20Ultrasonic%20Impact%20Strain%20Hardening%20for%20Enhanced%20Wear%20Resistance%20of%20AISI%201045%20Steel&journal=Wear&doi=10.1016%2Fj.wear.2020.203494&volume=462%E2%80%93463&publication_year=2020&author=Lesyk%2CDA&author=Martinez%2CS&author=Mordyuk%2CBN&author=Dzhemelinskyi%2CVV&author=Lamikiz%2CA&author=Prokopenko%2CGI&author=Iefimov%2CMO&author=Grinkevych%2CKE
https://doi.org/10.1016/j.msea.2006.03.150
https://doi.org/10.1016%2Fj.msea.2006.03.150
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BD2sXkvF2hu7o%3D
http://scholar.google.com/scholar_lookup?&title=Role%20of%20Strain%20Gradient%20on%20Grain%20Refinement%20by%20Severe%20Plastic%20Deformation&journal=Mater.%20Sci.%20Eng.%20A&doi=10.1016%2Fj.msea.2006.03.150&volume=462&issue=1%E2%80%932&pages=264-268&publication_year=2007&author=Todaka%2CY&author=Umemoto%2CM&author=Yin%2CJ&author=Liu%2CZ&author=Tsuchiya%2CK
https://doi.org/10.3390/coatings13020249
https://doi.org/10.3390%2Fcoatings13020249
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB3sXktlWrsb4%3D
http://scholar.google.com/scholar_lookup?&title=The%20Mode%20Deformation%20Effect%20on%20Surface%20Nanocrystalline%20Structure%20Formation%20and%20Wear%20Resistance%20of%20Steel%2041Cr4&journal=Coatings&doi=10.3390%2Fcoatings13020249&volume=13&publication_year=2023&author=Kyryliv%2CV&author=Maksymiv%2CO&author=Gurey%2CV&author=Hurey%2CI&author=Kyryliv%2CY&author=Zvirko%2CO
https://doi.org/10.3390/lubricants11100418
https://doi.org/10.3390%2Flubricants11100418
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB3sXit1Oqs7fI
http://scholar.google.com/scholar_lookup?&title=Resistance%20to%20Wear%20During%20Friction%20Without%20Lubrication%20of%20Steel-Cast%20Iron%20Pairing%20with%20Nanocrystalline%20Structure-Reinforced%20Surface%20Layers&journal=Lubricants&doi=10.3390%2Flubricants11100418&volume=11&publication_year=2023&author=Hurey%2CI&author=Maruschak%2CP&author=Augousti%2CA&author=Flowers%2CA&author=Gurey%2CV&author=Dzyura%2CV&author=Prentkovskis%2CO
https://doi.org/10.4028/www.scientific.net/JNanoR.51.92
https://doi.org/10.4028%2Fwww.scientific.net%2FJNanoR.51.92
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BC1MXitFygur4%3D
http://scholar.google.com/scholar_lookup?&title=Fatigue%20and%20Corrosion%20Fatigue%20of%20the%20Roll%20Steels%20with%20Surface%20Nanostructure&journal=J.%20Nano%20Res.&doi=10.4028%2Fwww.scientific.net%2FJNanoR.51.92&volume=51&pages=92-97&publication_year=2018&author=Kyryliv%2CV&author=Chaikovs%E2%80%99kyi%2CB&author=Maksymiv%2CO&author=Mykytchak%2CB
https://doi.org/10.3390/ma15020557
https://doi.org/10.3390%2Fma15020557
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB38Xhsl2hs7o%3D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=35057279
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8780829
http://scholar.google.com/scholar_lookup?&title=Effect%20of%20Chromium%20on%20Microstructure%20and%20Oxidation%20Wear%20behavior%20of%20High-Boron%20High-Speed%20Steel%20at%20Elevated%20Temperatures&journal=Materials&doi=10.3390%2Fma15020557&volume=15&publication_year=2022&author=Guo%2CP&author=Ma%2CS&author=Jiao%2CM&author=Lv%2CP&author=Xing%2CJ&author=Xu%2CL&author=Huang%2CZ
http://scholar.google.com/scholar_lookup?&title=Surface%20Effects%20in%20Adhesion%2C%20Friction%2C%20Wear%2C%20and%20Lubrication&publication_year=1981&author=Buckleu%2CDH
https://doi.org/10.1007/BF00791199
https://link.springer.com/article/10.1007/BF00791199
http://scholar.google.com/scholar_lookup?&title=Effect%20of%20Pressure%20on%20the%20Friction%2C%20Wear%2C%20and%20Surface%20Properties%20of%20the%20Transition%20Metals&journal=Powder%20Metall.%20Met.%20Ceram.&doi=10.1007%2FBF00791199&volume=12&pages=337-341&publication_year=1973&author=Samsonov%2CGV&author=Kovtun%2CVI&author=Bovkun%2CGA
https://doi.org/10.1007/s11003-023-00732-z
https://link.springer.com/article/10.1007/s11003-023-00732-z
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BB3sXhslOntb%2FM
http://scholar.google.com/scholar_lookup?&title=Change%20of%20the%20Modulus%20of%20Elasticity%20of%20the%20Surface%20Nanostructurted%20Layer%20on%20U8%20Steel&journal=Mater.%20Sci.&doi=10.1007%2Fs11003-023-00732-z&volume=58&issue=6&pages=795-800&publication_year=2023&author=Kyryliv%2CVI&author=Zakiev%2CVI&author=Maksymiv%2COV


Flow of Nitrogen, Mater. Sci. Forum, 2006, 503–504, p 645–650. 

https://doi.org/10.4028/www.scientific.net/MSF.503-504.645 

Article CAS Google Scholar  

53. J.H. Schneibel, and M. Heilmaier, Hall-Petch Breakdown at Elevated Temperatures, Mater. 

Trans., 2014, 55(1), p 44–51. https://doi.org/10.2320/matertrans.MA201309 

Article CAS Google Scholar  

54. S. Chen, K.-K. Tseng, Y. Tong, W. Li, C.-W. Tsai, J.-W. Yeh, and P.K. Liaw, Grain Growth 

and Hall-Petch Relationship in a Refractory HfNbTaZrTi High-Entropy Alloy, J. Alloy. Compd., 

2019, 795, p 19–26. https://doi.org/10.1016/j.jallcom.2019.04.291 

Article CAS Google Scholar  

55. P.M. Anderson and C. Li, Hall-Petch Relations for Multilayered Materials, Nanostruct. 

Mater., 1995, 5, p 349–362. https://doi.org/10.1016/0965-9773(95)00250-I 

Article CAS Googl 

 

Funding 

No funding was received for conducting this study. 

 

Author information 

Authors and Affiliations 

Department of Organization of Scientific and Research Activities of the Scientific Research 

Center, Lviv State University of Life Safety, 35, Kleparivska St, Lviv, 79007, Ukraine 

Yaroslav Kyryliv & Sergiy Yemelyanenko 

 

Department of Diagnostics of Materials Corrosion-Hydrogen Degradation, Karpenko Physical-

Mechanical Institute of the National Academy of Sciences of Ukraine, 5, Naukova St, Lviv, 

79060, Ukraine 

Olha Maksymiv & Volodymyr Kyryliv 

 

Department of General Technical Subjects, Faculty of Food Technology, Stepan Gzhytskyi 

National University of Veterinary Medicine and Biotechnologies, 50, Pekarska St, Lviv, 79010, 

Ukraine 

Bohdan Tsizh 

 

Department of Construction Materials and Biomaterials, Faculty of Materials Engineering, 

Kazimierz Wielki University in Bydgoszcz, 30, Chodkiewicza St, 85-064, Bydgoszcz, Poland 

Bohdan Tsizh 

 

Department of Corrosion and Anti-corrosion Protection, Karpenko Physical-Mechanical 

Institute of the National Academy of Sciences of Ukraine, 5, Naukova St, Lviv, 79060, Ukraine 

Vasyl Vynar 

 

Corresponding author 

https://doi.org/10.4028/www.scientific.net/MSF.503-504.645
https://doi.org/10.4028%2Fwww.scientific.net%2FMSF.503-504.645
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BD28Xpt1Onsw%3D%3D
http://scholar.google.com/scholar_lookup?&title=Mechanical%20Behaviour%20of%20Nanostructured%20Iron%20Fabricated%20by%20Severe%20Plastic%20Deformation%20Under%20Diffusion%20Flow%20of%20Nitrogen&journal=Mater.%20Sci.%20Forum&doi=10.4028%2Fwww.scientific.net%2FMSF.503-504.645&volume=503-504&pages=645-650&publication_year=2006&author=Yurkova%2CAI&author=Byakova%2CAV&author=Belots%E2%80%99ky%2CAV&author=Milman%2CYV&author=Dub%2CSN
https://doi.org/10.2320/matertrans.MA201309
https://doi.org/10.2320%2Fmatertrans.MA201309
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BC2cXjs1ymsbs%3D
http://scholar.google.com/scholar_lookup?&title=Hall-Petch%20Breakdown%20at%20Elevated%20Temperatures&journal=Mater.%20Trans.&doi=10.2320%2Fmatertrans.MA201309&volume=55&issue=1&pages=44-51&publication_year=2014&author=Schneibel%2CJH&author=Heilmaier%2CM
https://doi.org/10.1016/j.jallcom.2019.04.291
https://doi.org/10.1016%2Fj.jallcom.2019.04.291
https://link.springer.com/articles/cas-redirect/1:CAS:528:DC%2BC1MXptF2nt7o%3D
http://scholar.google.com/scholar_lookup?&title=Grain%20Growth%20and%20Hall-Petch%20Relationship%20in%20a%20Refractory%20HfNbTaZrTi%20High-Entropy%20Alloy&journal=J.%20Alloy.%20Compd.&doi=10.1016%2Fj.jallcom.2019.04.291&volume=795&pages=19-26&publication_year=2019&author=Chen%2CS&author=Tseng%2CK-K&author=Tong%2CY&author=Li%2CW&author=Tsai%2CC-W&author=Yeh%2CJ-W&author=Liaw%2CPK
https://doi.org/10.1016/0965-9773(95)00250-I
https://doi.org/10.1016%2F0965-9773%2895%2900250-I
https://link.springer.com/articles/cas-redirect/1:CAS:528:DyaK2MXlt12lsrY%3D
http://scholar.google.com/scholar_lookup?&title=Hall-Petch%20Relations%20for%20Multilayered%20Materials&journal=Nanostruct.%20Mater.&doi=10.1016%2F0965-9773%2895%2900250-I&volume=5&pages=349-362&publication_year=1995&author=Anderson%2CPM&author=Li%2CC


Correspondence to Yaroslav Kyryliv. 

 

Ethics declarations 

Conflicts of interest 

The authors declare that there are no conflicts of interest regarding the publication of this paper. 


