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ABSTRACT  

The wear behaviour of copper material processed by ECAP (Equal Channel Angular Pressing) and orbital forging (OF) is presented 

in this study. Dry sliding wear tests were carried out for the wear behaviour of the investigated system. Oxygen-free high thermal 

conductivity (OFHC) copper was used for testing. The new combination of metal forming processes was used because of ease of 

fabrication. Additionally, wear rate, friction coefficient and wears mechanisms were observed. The friction resistance is caused by 

the destruction of the adhesion between surface asperities in metal friction. Moreover, increased asperity interactions connected with 

wear particle entrapment led to a gradual increase in the friction coefficient. These results show the positive influence of the metal 

forming process to reduce interfacial adhesion and asperity deformation. Finally, the combinations of newly used advanced processing 

demonstrated excellent wear characteristics of copper. 
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INTRODUCTION 
 
Metal forming represents the oldest manufacturing technology. 

Over a long time, the idea of technologies is shifting from tradi-

tional processes to the unification of smart techniques for form-

ing highly complex specimens with 3D dimensions [1, 2].  

Copper was the first metal used by man and the first that was 

subjected to forming in history. Moreover, copper represents an 

ideal element for studying plastic deformation processes. But it 

has some distinct shortcomings such as low hardness and 

strength, restricting its applications [1].  

Grain refinement is an effective method for metal and alloy 

strengthening [3]. More papers are interested in the development 

of nanostructured materials [4-8] with an advanced microstruc-

ture of a mean grain size of less than 100 nm, which brings 

unique mechanical and physical properties. Several processes 

are used for achieving the structure refinement and therefore in-

creasing the strength properties of materials (light alloys, steels), 

such as additive manufacturing, Equal-channel angular pressing 

(ECAP), equal-channel angular rolling (ECAR), cryogenic pro-

cesses [9-12]. Metal Additive manufacturing (AM) is a process 

for producing highly complex products as well as unique prop-

erties using powder metallurgy (PM). Metal powders are the 

base materials to produce metallic components through PM 

techniques. Since metal powders are made by various processes; 

mainly spherical powders are used for the metal AM. The stand-

ard term used to define the AM technique (ISO/ASTM 52900) 

is as follows; AM allows obtaining net-shape components using 

a laser source to melt and consolidate thin layers of metallic 

powders spread onto a building platform by a re-coating system. 

The layer thickness depends on the size and distribution of the 

metal powders [13-19]. 

During the severe plastic deformation (SPD) process a great 

strain is incorporated into the specimen. Specimen parameters 

after metal forming remain the same. Additionally, promising 

grain refinement is achieved [3, 20]. 

ECAP is a method based on SPD used for reducing the grain size 

diameter and increasing the dislocation density resulting in 

unique strength and ductility [21-24].  

During the ECAP, specimens are pressed using a die several 

times to obtain great deformation and structural homogeneity. 

Repeated passes provide an opportunity to activate the different 

shear systems through simple specimen rotation before each 

pass [25]. The number of ECAP passes is also one of the most 

important parameters affecting material properties. It is well 

known that the most significant microstructure refinement takes 

place during the first ECAP pass [26-29]. 

Based on the ECAP idea carried out by the ECAR. Moreover, 

overcome limited practical application of ECAP. In the ECAR, 
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metal sheets are subjected to shear strain through the die chan-

nels without changing the dimensions [30-35]. The final rolling 

temperature increase could improve plasticity and formability 

[36]. 

Orbital forging is a metal forming process which incrementally 

deforms a work-piece using a combination of rotation, rolling, 

and axial compression processes. The forging force is concen-

trated on a small local area of the workpiece in contact with the 

tilted die. The dies are then moved to deform successive small 

areas of the workpiece until a final shape is formed, which can 

improve metal flowing and decrease forging load [37-41].  

The problem of the fatigue strength and wear resistance of ad-

vanced materials, particularly ultra-fine-grained containing 

voids (pores), defects or inhomogeneities, is significant both 

from the theory and practical point of view [42-46]. Therefore, 

the case study of advanced processed OFHC copper by dry slid-

ing wear test is studied in the present paper. 
  

MATERIAL AND METHODS 
 
As an experimental material, OFHC copper was used. Samples 

were carried out by the orbital press, applying a pressure of 200 

MPa at a logarithmic strain of 1.95 (samples signed as A). The 

die used for ECAP consisted of two rectangular channels with a 

cross-section area of 10 mm x 70 mm intersecting at an angle of 

90°. ECAP passes were realized using route C. The billets were 

coated with Cu nanoparticles containing lubricant to reduce the 

friction during ECAP between the die and the billets. Specimens 

signed as B and C were processed by 4 ECAP passes and OF or 

6 ECAP passes and OF, respectively.  

Pin-on-disc tests were performed using the tribometer entirely 

developed in the Alessandria Campus of Politecnico di Torino 

[47-50]. The 15 N applied loads were used. The disc rotation 

speed was 300 rpm. According to the ASTM standard, abrasive 

papers were used for polished the tested surface. Each test was 

interrupted after following a sliding distance starting from 300 

up to 5000 meters, and subsequently, discs were weighed with a 

sensitivity of 10-5 g. A Hommel Tester T1000 tangent profilome-

ter was used for determining the surface topography. 

SEM JEOL 7000F was used for the observation of wear tracks 

and microstructures. Vickers hardness indenter with 50 g load 

for 15 s. was carried out the apparent hardness HV values. 

 

RESULTS AND DISCUSSION 
 

The frictional coefficient during dry sliding consists of an adhe-

sion force and a deformation force. The friction behaviors of the 

proposed systems are shown in Fig. 1. 

 

 
(a) 

 
(b) 

Fig. 1 Wear characteristics of the investigated OFHC Cu: (a) 

The behaviour of friction coefficient with different stages; (b) 

The behaviour of wear rate 

 
The adhesion component is important during the dry sliding 

wear, and mostly hardness and ductility have affected the results 

[51]. Consider the dry friction without any medium between 

contact surfaces. The friction resistance is caused by the destruc-

tion of the adhesion between surface asperities in metal friction 

as has been pointed out by authors [52].  

The figures are shown that the friction coefficient in the initial 

value of its slightly dependent on the load, FN, and that is, the 

so-called static friction which is typical for dry sliding wear [52, 

53]. The higher value of friction coefficient was seen in system 

A. The metal forming process, represented by OF, leads to 

smaller stresses and the contrary to ECAP process also with a 

downsizing of plastic deformation. Surface layer removal during 

the manufacturing and an increase in adhesion because of the 

clean interfacial areas were observed. Moreover, increased as-

perity interactions connected with wear particle entrapment led 

to a gradual increase in the friction coefficient. These results 

show the metal forming process's positive influence in reducing 

interfacial adhesion and asperity deformation. All specimens 

record a similar change in friction coefficient after 1800 m the 

friction coefficient falls to the steady state. It is seen from Figure 

1b that wear decreases a lot in systems B and C in comparison 

to specimen A. Since the freshly fractured surfaces can be easily 

oxidized in dry wear sliding, the oxidized debris on the worn 

surface also can be involved in a complicated process of mixing, 

compacting, and smearing under the repeated action of the 

ECAP process from the loading. The surface oxide layer due to 

SPD can be better pressed into the base metal and therefore pre-

cisely affected it. Figs. 2a-c show more compacted or accumu-

lated debris which can be seen on the worn surfaces. 
 

 
(a) 
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(b) 

 
(c) 

Fig. 2 Wear tracks of the investigated OFHC Cu: (a) Wear track 

of investigated system A; (b) Wear track of investigated system 

B; (c) Wear track of investigated system C  

 

The mixed surface layer on the worn surface consists of com-

pacted or accumulated debris and surface oxide layers that are 

to prevent the contact of metal to metal during the dry sliding, 

which agrees with the results. As well, it can be seen from the 

microstructures, which also mild oxidational wear is observed in 

all investigated systems. The main wear mechanisms have de-

tected delamination and mild oxidational wear. 

Table 1 are shown the values of surface roughness.  

 
Table 1 The surface topography and Vickers hardness of inves-

tigated systems  

 A B C 

fsteady-state [] 0,61 0,56 0,57 

Rz [m] 1,10 3,17 2,53 

Ra [m] 0,18 0,41 0,30 

HV 248 317 593 

 
Reading Table 1 is shown that the Ra and Rz surface roughness 

values should affect the value of the friction coefficient. Also, 

the hardness value affected the value of the friction coefficient 

too.  

Several authors [54-57] present a statement for correlating the 

wear behaviour with surface topography. Sub-surface defor-

mation affected surface wear. Other authors showed [58-65] that 

these results also support the occurrence of material delamina-

tion and fracture resulting in its removal. Hanlon et al. [61] ob-

served during nanoscratch tests under repeated sliding contact 

the effect of grain size on friction characteristics and damage 

behaviour. Consequently, strength/hardness rather than the grain 

size occurred to dominate the steady-state friction coefficient 

and damage accumulation which means each diminishing with 

substantial increases in material strength. On the contrary, better 

wear resistance does not always lead to a higher hardness. More-

over, hardness value alone should not necessarily be played the 

important role in studying wear resistance [51, 62-65].  

Don et al. [63] underline, that the better sliding resistance of soft 

Cu–Cu2O and Cu–Al2O3 alloys in comparison to hard Cu–Be 

alloys as well as Straffelini et al. [54] in soft Cu–Be alloys.  

Reading Table 1 and Figs. 2a-c shows that the processing con-

dition is significantly affected the wear rate. The wear rate de-

creases continuously in the running-in period during the test and 

becomes a steady state, seen in systems B and C, after that. The 

probability of the observance of elementary wear events can be 

decreased if, through changes in surface topography (Table 1), 

the interaction rate of surface asperity collisions decreases. 

For samples B and C, severe plastic deformation occurs during 

sliding wear, which narrow parallel bands characterized by a 

larger amount of delaminating, presented in Fig. 3a, b. 

 

 
(a) 

 
(b) 

Fig. 3 The larger amount of delaminating causes narrow parallel 

bands in OFHC Cu: (a) Parallel narrow bands for system B; (b) 

Parallel narrow bands for system C.  

 
Present results given in the paper clearly outline the wear behav-

iour, Fig. 4. 

Since no similar work was done by another research group deal-

ing with present phenomena, it still needs to see more infor-

mation related to the ECAP and OF processes.  

As the properties of sintered parts depend strongly on green den-

sity determined by powder behaviour during processing [66-68]. 

Also, new development processing processes, are not only 

widely used in PM technologies [69-75]. Most fundamental 

studies have focused on the interpretation and analytical expres-

sion of the experimental dependence of density or porosity on 

various processing ways. Such an approach was prompted by the 
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practical need to find an adequate and generally valid character-

ization of the different powder mixes. Further investigation is 

therefore open. 

 

  

 
Fig. 4 Wear mechanism of ECAPed and orbital forged Cu 

OFHC material 

 
CONCLUSIONS 

The main conclusions are: 

- The combination of newly used advanced processing demon-

strated excellent wear characteristics of OFHC Cu.  

- The wear tracks observed the delamination and the mild oxi-

dational wear, and both wears are the main wear mechanisms. 

 

ACKNOWLEDGEMENTS 

 

This research was funded by the Ministry of Economy of The 

Slovak Republic, grant Minimum Aid Scheme for the Support 

of Industrial Cluster Organizations (2022-2023) DM – 6/2022.  

 

REFERENCES 

 
1. A. Awasthi, K.K. V. Arun: Materials Today: Proceedings 44 

(2021) 2069–2079. 

https://doi.org/10.1016/j.matpr.2020.12.177. 

2. M. Tisza, Z. Lukács, G. Gál: International Journal of Material 

Forming, 1, 2008, 185–188. https://doi.org/10.1007/s12289-

008-0022-3. 

3. R. Z. Valiev, T. G. Langdon: Progress in Materials Science, 

51, 2006, 881.  

https://doi.org/10.1016/j.pmatsci.2006.02.003. 

4. G. Bhatta et al.: Materials Research, 25, 2022, A46. 

https://doi.org/10.1590/1980-5373-MR-2021-0186. 

5. A. Aramian, Z. Sadeghian, S. Mohamad, J. Razavi, F. Berto: 

Journal of Materials Engineering and Performance, 30, 2021, 

6777-6787.  

https://doi.org/10.1007/s11665-021-05995-8. 

6. A. Hosseinzadeh, A. Radi, J. Richter, T. Wegener, S. V. Saja-

difar, T. Niendorf, G. G. Yapici: Journal of Manufacturing Pro-

cesses, 68, 2021, 788-795. https://doi.org/10.1016/j.jma-

pro.2021.05.070. 

7. M. Etemadi, A.M. Rashidi, A. Zajkani: Metals and Materials 

International, 2021.  

https://doi.org/10.1007/s12540-021-00993-w. 

8. M. Elhefnawey, G. L. Shuai, Z. Li, M. Nemat-Alla, D. T. 

Zhang, L. Li: Alexandria Engineering Journal, 60, 2021, 927-

939. 

https://doi.org/10.1016/j.aej.2020.10.021. 

9. R. Bidulsky, J. Bidulska, F.S.Gobber, T. Kvackaj, P. Pe-

trousek, M. Actis-Grande, K.P. Weiss, D. Manfredi: Materials, 

2020, 13, 3328; https://doi.org/10.3390/ma13153328. 

10. M.R. Ridolfi, P. Folgarait, A. Di Schino: Acta Metallurgica 

Slovaca, 26, 2020, 7-10. https://doi.org/10.36547/ams.26.1.525. 

11. G. Stornelli, D. Gaggia, M. Rallini, A. Di Schino: Acta 

Metallurgica Slovaca, 27, 2021, 122-126. 

https://doi.org/10.36547/ams.27.3.973. 

12. D. Kovács, D. M. Kemény: Acta Metallurgica Slovaca, 27, 

2021, 190-194. https://doi.org/10.36547/ams.27.4.1172. 

13. B. Vicenzi, K. Boz, L. Aboussouan: Acta Metallurgica 

Slovaca, 26, 2020, 144-160. 

https://doi.org/10.36547/ams.26.4.656. 

14. P. Petrousek et al.: Acta Metallurgica Slovaca, 25, 2019, 

283-290. https://doi.org/10.12776/ams.v25i4.1366. 

15. J. Bidulská, R. Bidulský, M. Actis Grande, T. Kvačkaj: Ma-

terials, 12, 2019, 3724. https://doi.org/10.3390/ma12223724, 

16. F. Calignano, D. Manfredi, E. P. Ambrosio, L. Iuliano, P. 

Fino: International Journal of Advanced Manufacturing Tech-

nology, 67, 2013, 2743–2751. https://doi.org/10.1007/s00170-

012-4688-9, 

17. S. K. Everton, M. Hirsch, P. Stravroulakis, R. K. Leach, A. 

T. Clare: Materials and Design, 95, 2016, 431–445. 

https://doi.org/10.1016/j.matdes.2016.01.099, 

18. W. J. Sames, F. A. List, S. Pannala, R. R. Dehoff, S. S. Babu: 

International Materials Reviews, 61, 2016, 315-360. 

https://doi.org/10.1080/09506608.2015.1116649, 

19. R. Bidulsky, F. S. Gobber, J. Bidulska, M. Ceroni, T. 

Kvackaj, M. A. Grande: Metals, 11(11), 2021, 1831. 

https://doi.org/10.3390/met11111831. 

20. A. Kovacova et al: Acta Metallurgica Slovaca, 16(2), 2010, 

91-96. 

21. S.J. Oh, S.B. Kang, Materials Science and Engineering A, 

343 (1-2), 2003, 107-115. https://doi.org/10.1016/S0921-

5093(02)00324-6. 

22. R.Z.Valiev, R.K. Islamgaliev, I.V. Alexandrov: Progress in 

Materials Science, 45(2), 2000, 103-189. 

https://doi.org/10.1016/S0079-6425(99)00007-9. 

23. T. Kvackaj et al.: Materials Science Forum, 633-634, 2010, 

273-302.  

https://doi.org/10.4028/www.scientific.net/MSF.633-634.273. 

24. Y. Iwahashi, J. Wang, Z. Horita, M. Nemoto, T. G. Langdon: 

Scripta Materialia, 35(2), 1996, 143-146. 

https://doi.org/10.1016/1359-6462(96)00107-8. 

25. M. Furukawa, Z. Horita, T. G. Langdon: Metals and Materi-

als International, 9, 2003, 141. 

https://doi.org/10.1007/BF03027270. 

26. J. Bidulska, T. Kvackaj, R. Bidulsky, M.A. Grande: Acta 

Physica Polonica, 122(3), 2012, 553-556. 

https://doi.org/10.12693/APhysPolA.122.553. 

27. J. Bidulska et al.: Acta Physica Polonica, 117(5), 2010, 864-

868.  

https://doi.org/10.12693/APhysPolA.117.864. 

28. J. Bidulska, T. Kvackaj, I. Pokorny, R. Bidulsky, M.A. 

Grande: Archives of Metallurgy and Materials, 58(2), 2013, 

371-375.  

https://doi.org/10.2478/amm-2013-0002. 

29. J. Bidulska et al.: Chemicke Listy, 105, 2011, s471-s473. 

30. J. E. Bozcheloei, M. Sedighi, R. Hashem: International Jour-

nal of Advanced Manufacturing Technology, 105, 2019, 4389–

4400. https://doi.org/10.1007/s00170-019-04586-1. 

31. Y. H. Chung, J. W. Park, K. H. Lee: Metals and Materials 

International, 12, 2006, 289. 

https://doi.org/10.1007/BF03027545. 

32. T. Kvackaj, et al.: Archives of Metallurgy and Materials 

58(2), 2013, 407-412. https://doi.org/10.2478/amm-2013-0008. 

33. S. Ghaffari, M. T. Suraya, M. A. Azmah Hanim, M. I. S. 

Ismail: Australian Journal of Mechanical Engineering, 2020,  

https://doi.org/10.1080/14484846.2020.1804041. 

https://doi.org/10.1016/j.matpr.2020.12.177
https://doi.org/10.1007/s12289-008-0022-3
https://doi.org/10.1007/s12289-008-0022-3
https://doi.org/10.1016/j.pmatsci.2006.02.003
https://doi.org/10.1590/1980-5373-MR-2021-0186
https://doi.org/10.1007/s11665-021-05995-8
https://doi.org/10.1016/j.jmapro.2021.05.070
https://doi.org/10.1016/j.jmapro.2021.05.070
https://doi.org/10.1007/s12540-021-00993-w
https://doi.org/10.1016/j.aej.2020.10.021
https://doi.org/10.3390/ma13153328
https://doi.org/10.36547/ams.26.1.525
https://doi.org/10.36547/ams.27.3.973
https://doi.org/10.36547/ams.27.4.1172
https://doi.org/10.36547/ams.26.4.656
https://doi.org/10.12776/ams.v25i4.1366
https://doi.org/10.3390/ma12223724
https://doi.org/10.1007/s00170-012-4688-9
https://doi.org/10.1007/s00170-012-4688-9
https://doi.org/10.1016/j.matdes.2016.01.099
https://doi.org/10.1080/09506608.2015.1116649
https://doi.org/10.3390/met11111831
https://doi.org/10.1016/S0921-5093(02)00324-6
https://doi.org/10.1016/S0921-5093(02)00324-6
https://doi.org/10.1016/S0079-6425(99)00007-9
https://doi.org/10.4028/www.scientific.net/MSF.633-634.273
https://doi.org/10.1016/1359-6462(96)00107-8
https://doi.org/10.1007/BF03027270
https://doi.org/10.12693/APhysPolA.122.553
https://doi.org/10.12693/APhysPolA.117.864
https://doi.org/10.2478/amm-2013-0002
https://doi.org/10.1007/s00170-019-04586-1
https://doi.org/10.1007/BF03027545
https://doi.org/10.2478/amm-2013-0008
https://doi.org/10.1080/14484846.2020.1804041


R. Bidulský et al. in Acta Metallurgica Slovaca 

 

 

 

38 DOI: 10.36547/ams.29.1.1734 

34. D. Rahmatabadi, M. Tayyebi, R. Hashemi, G. Faraji: Powder 

Metallurgy and Metal Ceramics, 57, 2018, 144–153. 

https://doi.org/10.1007/s11106-018-9962-4. 

35. M. H. Vini, M. Sedighi, M. Mondali: International Journal 

of Materials Research, 108, 2017, 53-59. 

https://doi.org/10.3139/146.111450. 

36. L. Shi, L. Liu, L. Hu, T. Zhou, M. Yang, Y. Lian, J. Zhang: 

Materials, 13(15), 2020, 3346. 

https://doi.org/10.3390/ma13153346. 

37. R. Shivpuri: Journal of Materials Shaping Technology, 6, 

1988, 55. 

https://doi.org/10.1007/BF02833583. 

38. B. Gu, W. Zhuang, X. Han: Procedia Manufacturing, 50, 

2020, 303-306. 

https://doi.org/10.1016/j.promfg.2020.08.056. 

39. Q. Jin, X. Han, L. Hua, W. Zhuang W. Feng: Journal of Man-

ufacturing Processes, 33, 2018, 161-174. 

https://doi.org/10.1016/j.jmapro.2018.05.007. 

40. L. Kunčická, R. Kocich, P. Kačor, M. Jambor, M. Marek: 

Materials, 15(3), 2022, 1003. 

https://doi.org/10.3390/ma15031003. 

41. L. Kunčická, R. Kocich, P. Strunz, A. Macháčková: Materi-

als Letters, 230, 2018, 88-91. https://doi.org/10.1016/j.mat-

let.2018.07.085. 

42. P. Kulu, R. Veinthal, M. Saarna, R. Tarbe: Wear, 263, 2007, 

463-471.  

https://doi.org/10.1016/j.wear.2006.11.033. 

43. R. Bidulsky, M.A. Grande, M. Kabatova, J. Bidulska: Jour-

nal of Materials Science & Technology, 25, 2009, 607-610. 

44. J. Bidulska, T. Kvackaj, R. Bidulsky, M. A. Grande: Kovove 

Materialy, 46, 2008, 339-344. 

45. R. Bidulsky, J. Bidulska, M.A. Grande: Archives of Metal-

lurgy and Materials, 59, 2014, 17-23.  

https://doi.org/10.2478/amm-2014-0003. 

46. B. Zhao, A. K. Gain, W. Ding, L. Zhang, X. Li, Y. Fu: Inter-

national Journal of Advanced Manufacturing Technology, 95, 

2018, 2641-2659. https://doi.org/10.1007/s00170-017-1415-6. 

47. R. Bidulsky, M.A. Grande, E. Dudrova, M. Kabatova, J. 

Bidulska: Powder Metallurgy 59, 2016, 121-127. 

https://doi.org/10.1179/1743290115Y.0000000022. 

48. R. Bidulsky, M.A. Grande, J. Bidulska, T. Kvackaj: Materi-

ali in Tehnologije, 43, 2009, 303-307. 

49. R. Bidulský, M. Actis Grande, J. Bidulská, M. Vlado, T. 

Kvačkaj, High Temperature Materials and Processes, 28, 2009, 

175-180. 

https://doi.org/10.1515/HTMP.2009.28.3.175. 

50. R. Bidulsky, M. Actis Grande: High Temperature Materials 

and Processes, 27(4), 2008, 249-256. 

51. Z. Han, Y. Zhang, K. Lu: Journal of Materials Science & 

Technology, 24, 2008, 483-494.  

https://www.jmst.org/EN/Y2008/V24/I04/483. 

52. F. P. Bowden, D. Tabor: The Friction and Lubrication of 

Solids. Clarendon Press, Oxford, 1950. 

53. K. Hashiguchi: Nonlinear Continuum Mechanics for Finite 

Elasticity-Plasticity. Elsevier, Amsterdam, 2020. 

https://doi.org/10.1016/C2018-0-05398-0. 

54. G. Straffelini, L. Maines, M. Pellizzari, P. Scardi: Wear, 259, 

2005, 506-511. 

https://doi.org/10.1016/j.wear.2004.11.013. 

55. E. C. Teague, F. E. Scire, T. V. Vorburger: Wear 83, 1982, 

61-73. https://doi.org/10.1016/0043-1648(82)90340-4. 

56. K. J. Stout, E. J. Davis: Wear, 95, 1984, 111-125.  

https://doi.org/10.1016/0043-1648(84)90111-X. 

57. E. P. Whitenton, P. J. Blau: Wear, 124, 1988, 291-309. 

https://doi.org/10.1016/0043-1648(88)90219-0. 

58. E. D. Yalcin, A. Canakci: Acta Metallurgica Slovaca, 26, 

2020, 126-131. https://doi.org/10.36547/ams.26.3.538. 

59. M. Rosso, G. Scavino: Surface Engineering 14, 1998, 217-

222. https://doi.org/10.1179/sur.1998.14.3.217. 

60. E. F. Odikpo, O. B. Ufuoma, A. F. Ireti, N. C. Chinasa: Acta 

Metallurgica Slovaca, 26, 2020, 54-62. 

https://doi.org/10.36547/ams.26.2.537. 

61. T. Hanlon, A. H. Chokshi, M. Manoharan, S. Suresh: Inter-

national Journal Fatigue, 27, 2005, 1159. 

https://doi.org/10.1016/j.ijfatigue.2005.06.036. 

62. R. Bidulský, M. Actis Grande, J. Bidulská, T. Kvačkaj, T. 

Donič: International Journal of Modern Physics B, 24, 2010, 

797-804. https://doi.org/10.1142/S0217979210064435. 

63. J. Don, T. C. Sun, D. A. Rigney: Wear, 91, 1983, 191-199. 

https://doi.org/10.1016/0043-1648(83)90253-3. 

64. K. P. Senthil, K. Manisekar, E. Subramanian, R. Naraya-

nasamy: Tribology Transactions, 56, 2013, 857-866. 

https://doi.org/10.1080/10402004.2013.806685. 

65. A. K. Pradhan, S. Das: Tribology Transactions, 57, 2014, 46-

56. https://doi.org/10.1080/10402004.2013.843739. 

66. R. Bidulsky, M. A. Grande, L. Ferraris, P. Ferraris, J. Bid-

ulska: Acta Physica Polonica A, 118(5), 2010, 802-803.  

https://doi.org/10.12693/APhysPolA.118.802. 

67. R. Bidulsky, P. Petroušek, J. Bidulská, R. Hudák, J. Živčák, 

M. Actis Grande: Archives of Metallurgy and Materials, 67(1), 

2022, 83-89.  

https://doi.org/10.24425/amm.2022.137475. 

68. L. Parilak, E. Dudrova, R. Bidulsky, M. Kabatova: Powder 

Technology, 322, 2017, 447-460. https://doi.org/10.1016/j.pow-

tec.2017.09.027. 

69. M. Szpunar, R. Ostrowski, T. Trzepieciński, Ľ. Kaščák: Ma-

terials, 14(13), 2021, 3634. 

https://doi.org/10.3390/ma14133634. 

70. T. Trzepieciński, M. Szpunar, Ľ. Kaščák: Materials, 14(10), 

2021, 2570. https://doi.org/10.3390/ma14102570. 

71. S. Mustofa et al: Acta Metallurgica Slovaca, 28(4), 2022, 

224-229. https://doi.org/10.36547/ams.28.4.1548. 

72. T. Kvackaj et al.: Acta Metallurgica Slovaca, 16(4), 2010, 

268-276. 

73. F.S. Gobber, J. Bidulská, A. Fais, F. Franchini, R. Bidulský, 

T. Kvačkaj, M. Actis Grande: Archives of Metallurgy and Ma-

terials, 65(2), 2020, 787-792. 

https://doi.org/10.24425/amm.2020.132821. 

74. T. Kvackaj et al.: Materials Characterization, 134, 2017, 

246-252.  

https://doi.org/10.1016/j.matchar.2017.10.030. 

75. E. Poskovic et al.: Materials, 14(22), 2021, 6844. 

https://doi.org/10.3390/ma14226844. 

 

https://doi.org/10.1007/s11106-018-9962-4
https://doi.org/10.3139/146.111450
https://doi.org/10.3390/ma13153346
https://doi.org/10.1007/BF02833583
https://doi.org/10.1016/j.promfg.2020.08.056
https://doi.org/10.1016/j.jmapro.2018.05.007
https://doi.org/10.3390/ma15031003
https://doi.org/10.1016/j.matlet.2018.07.085
https://doi.org/10.1016/j.matlet.2018.07.085
https://doi.org/10.1016/j.wear.2006.11.033
https://doi.org/10.2478/amm-2014-0003
https://doi.org/10.1007/s00170-017-1415-6
https://doi.org/10.1179/1743290115Y.0000000022
https://doi.org/10.1515/HTMP.2009.28.3.175
https://www.jmst.org/EN/Y2008/V24/I04/483
https://doi.org/10.1016/C2018-0-05398-0
https://doi.org/10.1016/j.wear.2004.11.013
https://doi.org/10.1016/0043-1648(82)90340-4
https://doi.org/10.1016/0043-1648(84)90111-X
https://doi.org/10.1016/0043-1648(88)90219-0
https://doi.org/10.36547/ams.26.3.538
https://doi.org/10.1179/sur.1998.14.3.217
https://doi.org/10.36547/ams.26.2.537
https://doi.org/10.1016/j.ijfatigue.2005.06.036
https://doi.org/10.1142/S0217979210064435
https://doi.org/10.1016/0043-1648(83)90253-3
https://doi.org/10.1080/10402004.2013.806685
https://doi.org/10.1080/10402004.2013.843739
https://doi.org/10.12693/APhysPolA.118.802
https://doi.org/10.3390/ma13153328
https://doi.org/10.1016/j.powtec.2017.09.027
https://doi.org/10.1016/j.powtec.2017.09.027
https://doi.org/10.3390/ma14133634
https://doi.org/10.3390/ma14102570
https://doi.org/10.36547/ams.28.4.1548
https://doi.org/10.24425/amm.2020.132821
https://doi.org/10.1016/j.matchar.2017.10.030
https://doi.org/10.3390/ma14226844

