

  coatings-09-00513




coatings-09-00513







Coatings 2019, 9(8), 513; doi:10.3390/coatings9080513




Article



Influence of Electron Beam Treatment of Co–Cr Alloy on the Growing Mechanism, Surface Topography, and Mechanical Properties of Deposited TiN/TiO2 Coatings



Stefan Valkov 1,*[image: Orcid], Stoyan Parshorov 2, Andreana Andreeva 3, Ruslan Bezdushnyi 3, Maria Nikolova 4[image: Orcid], Dimitar Dechev 1, Nikolay Ivanov 1 and Peter Petrov 1





1



Institute of Electronics, Bulgarian Academy of Sciences, 72 Tzarigradsko Chaussee blvd, 1784 Sofia, Bulgaria






2



Institute of Metal Science, Equipment and Technologies with Hydro- and Aerodynamics Centrе, Bulgarian Academy of Sciences, 67, Shipchenski Prohod Blvd, 1574 Sofia, Bulgaria






3



Faculty of Physics, Sofia University, 5 James Bourchier Blvd, 1164 Sofia, Bulgaria






4



Department of Material Science and Technology, University of Ruse, 8 Studentska Str., 7017 Ruse, Bulgaria









*



Correspondence: stsvalkov@gmail.com







Received: 9 July 2019 / Accepted: 10 August 2019 / Published: 13 August 2019



Abstract

:

This study examines the effect of electron beam treatment (EBT) of Co–Cr substrate on the film growth mechanism, mechanical properties, and surface topography of TiN/TiO2 coatings deposited by reactive magnetron sputtering. The obtained results and processes that occurred during the deposition are discussed in the context of crystallographic principles, and special attention is paid to the crystallographic orientation and growth mechanism studied by X-ray diffraction (XRD). The mechanical properties were investigated by means of nanoindentation and wear tests. The surface topography was evaluated using atomic force microscopy (AFM). The results obtained in the present study showed that polycrystalline TiN and anatase TiO2 phases were present in all cases. Electron beam treatment of Co–Cr substrate tended to form a reorientation of the microvolumes from (111) to (200) of TiN, leading to a change in the growth mechanism from three-dimensional (Volmer–Weber) to layer-by-layer (Frank–van der Merwe). It was found that the electron beam treatment process did not significantly affect the thickness of the coatings and the deposition rate. The treatment process led to an increase in surface roughness. The higher surface roughness after the EBT process should be appropriate to support cell growth and adhesion on the surface of the deposited bilayer coating. It was demonstrated that EBT of the substrate caused a decrease in hardness of the deposited coatings from 10 to 5 GPa. The observed decrease in hardness was attributed to the change in the preferred crystallographic orientation and film growth mechanism. The hardness of the bilayer coating after the application of EBT of the Co–Cr substrate was much closer to that of human bones, which means that severe stress shielding effect could not be expected. The evaluated coefficient of friction (COF) exhibited significantly lower values in the case of EBT of the substrate compared to the untreated Co–Cr material.
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1. Introduction


Co–Cr alloys have a number of applications due to their good corrosion resistance, attractive mechanical properties, and biocompatibility. These materials have received a lot of attention in the field of implant manufacturing [1,2,3]. However, they have some drawbacks related to low wear resistance, which depends mostly on the surface properties and can be overcome by appropriate surface modification technologies [4].



During the last decades, considerable attention has been paid to surface manufacturing of materials by high-energy fluxes (HEFs) (i.e., electron and laser beams). In these technologies, the electrons or photon fluxes interact with the surface of the sample, heat the treated area, and form a thermal distribution. The rate of heating and cooling can be characterized by quite high values (about 105–106 K/s), which lead to some structural changes in the functional properties [5,6,7,8,9,10]. The authors of [11] demonstrated an innovative approach for controlling the surface topography and tribological behavior of biomedical alloys, such as Ti6Al4V, by means of electron beam surface treatment. Other researchers [12,13] have successfully demonstrated the possibilities for enhancing the wear and corrosion properties of steel by the formation of carbon fiber-reinforced Ni-based composite coatings via laser cladding. Laser beam technologies have a large number of applications in the field of modern medicine and are extensively discussed in [10].



Other methods for coating deposition are plasma spray technologies, physical vapor deposition (PVD), etc. It should be noted that magnetron sputtering (MS), as a part of PVD processes, is a promising technology due to the possibility of controlling the structure and properties of the obtained coatings and is appropriate for deposition of nitride and oxide-based films [14,15,16,17,18].



Titanium nitride (TiN) films, deposited on different substrates, have many applications in modern human life because of their exceptional mechanical properties, resistance to corrosion, wear resistance, etc. Titanium dioxide (TiO2) is another material that can be applied in the form of a coating and is characterized by enhanced biocompatibility. Such TiO2 coatings have a number of applications as biomedical materials. There have been various studies describing the deposition and investigation of TiN and TiO2 coatings. The authors of [19] studied the mechanical, tribological, and biological properties of TiN coatings deposited on Ti6Al4V substrate. Their results showed that the deposited coating was seven times harder than the substrate and that the wear rate of TiN was four orders of magnitude lower than that of the Ti6Al4V alloy. The same authors concluded that the deposited TiN coatings were biocompatible and nontoxic [19]. Pham et al. [20] studied TiN coatings deposited on Co–Cr substrate and discussed the potential application of TiN deposited on Co–Cr as a vascular stent due to the 1.3 times higher culturing of endothelial cells compared to the uncoated substrate. The authors of [21,22,23] based their work on modification of the structure and properties of differently deposited coatings. Chen et al. [22] developed a plasma gun-based remelting method for modification of the structure and properties of sprayed NiCrBSi coatings, and their results showed that the remelting process led to a reduction in porosity, formation of metallurgical bonding between the coating and substrate, and an increase in hardness and wear resistance. Similarly, the authors of [21] studied the influence of short-time heat treatment of plasma-sprayed NiCrBSi coatings on their structure and properties, and the results showed an increase of over 15% in hardness and about 60% in wear resistance. In another study [23], a duplex modification of steel substrate by deposition of TiAlN coating and subsequent electron beam treatment (EBT) was carried out. The deposition of the coating led to an enhancement in absorption properties of the base material and a significant increase in hardness compared to the same electron beam treatment of uncoated steel.



Based on the performed literature review, it is obvious that the technologies discussed above are capable of improving the functional properties of different materials. Although the authors of [20] studied the structure and properties of deposited TiN coatings on Co–Cr substrate, a combination of treatment using high-energy fluxes and coating deposition to overcome the discussed drawbacks of Co–Cr alloy has not yet been studied. As already mentioned, by using HEFs for surface treatment of materials, their structure and properties can be modified. On the other hand, the film growth mechanism of the deposited coatings strongly depends on the structure and properties of the substrate material and greatly influences the functional properties of the deposited coatings.



The aim of the present study was to investigate the growth mechanism of bilayer TiN/TiO2 coatings onto Co–Cr alloys deposited by direct current (DC) magnetron sputtering. The influence of electron beam treatment of the substrate on the growth mechanism, mechanical properties, and surface topography of bilayer TiN/TiO2 was extensively studied. The results relating to hardness, surface roughness measurements, and wear performance are discussed with respect to the electron beam modification process and film growth mechanism.




2. Materials and Methods


Multilayer TiN/TiO2 coatings were deposited on Co–Cr alloy (25.5 wt % Cr; 0.2 wt % Mn; 4.3 wt % Fe; 59.5 wt % Co; 1.0 wt % Ni; 4.7 wt % Mo; 0.6 wt % W; 4.3 wt % others). Before the deposition, a substrate with a diameter of 20 mm and thickness of 3 mm was grounded and mirror-polished by conventional metallographic techniques. Half of the samples underwent electron beam treatment before the deposition. During the EBT process, the following technological parameters were applied: accelerating voltage, 52 kV; electron beam current, 25 mA; electron beam scanning frequency, 1 kHz; speed of the specimen motion, 4 cm/s; and diameter of the electron beam, 0.5 mm. The discussed technological conditions were selected in order to reach the highest cooling rate without melting the surface of the Co–Cr substrate during treatment. The temperature during the treatment process on the surface of the electron beam-modified specimen was evaluated according to a numerical model published elsewhere [24,25]. It was found that the sample was heated to about 1350 °C by applying the discussed technological parameters. A scheme of the EBT process is presented in Figure 1.



The multilayer coating deposition was deposited by reactive magnetron sputtering, where the purity of the Ti target was 99.8%. The deposition of the TiN layer was carried out in Ar–N2 atmosphere at a working pressure of 1.2 × 10−1 Pa and 23:1 Ar:N2 ratio, and the substrate was heated up to 350 °C. The TiO2 film was obtained in pure O2 atmosphere and working pressure of 7 × 10−2 Pa, and the substrate temperature was decreased from 350 down to 180 °C. Negative bias voltage to the substrate was not applied. The TiN film was deposited for 1.5 h and TiO2 for 2 h. The discussed technological conditions of bilayer coating deposition were optimized in order to obtain stoichiometrical and monophasic TiN and TiO2 films.



The phase composition and crystallographic orientation of the deposited coatings were studied by means of X-ray diffraction (XRD, URD 6 Seifert & Co diffractometer, GmbH, Ahrensburg, Germany). The experiments were realized within the range of 20°–70° at 2θ scale with a step of 0.1° and counting time of 10 s per step. All measurements were conducted in a symmetrical Bragg–Brentano (B–B) mode.



The film thickness was determined from optical cross-sectional images of both polished and electron beam-treated coated samples via software on a large scale.



The depth profiles of Ti, N, and O were measured by glow discharge optical emission spectroscopy (GDOES, GDS-750 QDP, LECO Instruments, St. Joseph, MI, USA) under conventional plasma conditions.



The nanosurface topology was studied by means of atomic force microscopy (High-speed AFM, Anfatec Instruments AG, Oelsnitz, Germany). The experiments were performed in noncontact mode, where the curvature radius of the silicon nitride tip was 10 nm. A small-size scanned area of 20 μm × 20 μm along the x- and y-axes was chosen, and 512 measurements of the heights were taken at each of these directions (i.e., 512 × 512 measured points for the area).



The hardness of the deposited films was studied by means of a nanomechanical tester (Bruker, Billerica, MA, USA). The experiment consisted of a total of 48 indentations (4 lines with 12 indentations each) with spаcing of 80 µm and applied load of 50 mN.



The coefficient of friction (COF) was measured by micromechanical wear test ball-on-flat with hardened sliding ball coated with Cr. The measurements were carried out for 600 s with a load of 2 N at room temperature.




3. Results and Discussion


Figure 2 presents the experimentally obtained XRD patterns of both treated and untreated coated specimens. Аll diffraction maxima were indexed. There were some peaks belonging to the Co substrate as well as to the TiN and TiO2 from the coatings. It was clear that, before the treatment process, the phase composition of the substrate consisted of a mixture of ε-Co and γ-Co. The presence of double-phase structure before the surface treatment can be explained by a reaction of γ-Co → ε-Co, which occurred at 880 °C during the cooling process. After the EBT, it was transformed into a single-phase structure of γ-Co. It should be noted that cobalt exists in two allotropic forms: ε-Co, which has a hexagonal close-packed (hcp) structure and appears at low temperatures, and γ-Co, which has a face-centered cubic (fcc) structure and is stable at high temperatures. The Gamma cobalt phase is known as a high-temperature modification of the material, and the discussed fcc structured phase is also known to be unstable at room temperature. However, Granqvist et al. [26] mentioned that it can exist in the form of ultrafine particle structure. It is known that treatment techniques by high-energy fluxes are capable of finer microstructure formation. This statement is in agreement with the results obtained for the phase composition of the substrate with and without electron beam treatment. Furthermore, the authors of [27,28] mentioned that the transition from γ to ε phases during cooling after the manufacturing process is sluggish, and some traces of fcc structure can be found. During electron beam surface modification, the cooling rate is quite high, and the discussed transformation from hcp to fcc does not occur as the transition process is sluggish. Similar results were obtained by the authors of [29], where a Co–Cr alloy implant was subjected to laser interface lithography modification. This is completely in agreement with our results, where the treatment processing of the substrate surface formed a single-phase structure of γ-Co.



Except for reflections from the substrate polycrystalline, TiN and TiO2 phases from the coatings were registered. TiN has an fcc lattice, and several structural types of TiO2 exist, including β-TiO2, anatase (a-TiO2), rutile (r-TiO2), etc. The obtained patterns show the presence of a-TiO2.



The preferred crystallographic orientation of the phases from the coatings was studied quantitatively via Phkl pole density, which is proportional to the probability of a particular family of crystallographic planes being parallel to the surface, and is given by Equation (1):


Phkl=Ihklexp/Ihklst1n∑nIhklexp/Ihklst



(1)







In Equation (1), Iexp and Ist are the experimentally obtained and standard ICDD intensities, respectively; and n is the number of the considered diffraction peaks. The results are summarized in Table 1. In the case of the deposited TiN/TiO2 coatings on untreated Co–Cr substrate, a predominant (111) crystallographic texture at TiN layer was observed. After the substrate treatment by a high-intensity electron flux, the contribution of (111) texture dropped from about 64% to 27%, while (200) increased from about 31% up to 61%, therefore becoming predominant. Thus, a reorientation in the microvolumes from (111) to (200) of TiN was observed after the EBT process. Concerning the TiO2 phase, no significant differences in the crystallographic orientations were observed. In both cases, (200) was predominant, and after the treatment, the values of Phkl decreased from 66% to 55%.



The appearance of preferred crystallographic orientation in magnetron-sputtered TiN films has been extensively discussed in [30]. The authors of [30] based their discussion on the nature of the selection of the preferential crystal plane where the densest is privileged. They can be separated into three groups. The first is (311) and (111), which consist of only Ti atoms; the second is (222), which has only N atoms; and the third is (220) and (200), which are composed of a mixture of Ti and N atoms. They are ordered with respect to their density as follows: (311), which has the least density; (111) and (222), which have equal densities; (220); and (200), which has the most density. Thus, the preferred orientation should be in the (200) direction. However, the plane density is not the only factor for preferred film growth. The thermal agitation energy due to substrate heating and the energy of atoms when they fall on the substrate or on the growing film are also of great interest. With regard to Ti atoms, their energy is relatively high because they come directly from the target. For N atoms, two different cases exist: (i) some of them react with the Ti target and are then sputtered and have similar energy as Ti atoms; (ii) some come from the gaseous phase, and their energy is much lower than that of Ti. It should be noted that the nitrogen atoms, which react with Ti target and are subsequently sputtered, are almost entirely responsible for the formation of TiN molecule. Those coming from the gaseous phase have much smaller energy, and the probability of incorporating into TiN lattice is very small; as a result, they are mostly located at the grain boundaries [30]. The lower substrate temperature leads to low thermal agitation energy, and only a small amount of atomic rearrangement can occur, leading to a small amount of N atoms in the TiN lattice. Therefore, in the case of Ti-rich TiN film, the predominant orientation will be the densest one that contains only Ti atoms, i.e., (111). An increase in the substrate temperature and thermal agitation energy will result in an increase in atomic mobility and atomic rearrangement, respectively. This will lead to a greater occupation of TiN lattice with nitrogen, and the preferred crystallographic orientation will be transformed to the densest plane that contains both Ti and N atoms, i.e., (200) [30].



These statements are in agreement with the results obtained in the present study. It is known that during the deposition of coatings by magnetron sputtering, except for the external heating, the substrate is warmed up to a certain temperature due to the following reasons: (i) the kinetic energy of the atoms of deposited material; (ii) the release of energy during the condensation and crystallization of the film; and (iii) the energy of the secondary electrons emitted from the target. [31]. On the other hand, as already mentioned, the EBT of Co–Cr substrate leads to a phase transformation from ε + γ to γ. Glagoleva et al. [32] studied the thermal properties of Co–Cr alloys and showed that the thermal conductivity of the γ phase is lower than that of the ε-phase within the temperature range of 600–1700 K. Therefore, during the deposition process, the surface consisting of a single gamma-phase structure (treated substrate) is heated more vigorously than the substrate containing a mixture of ε + γ phases (untreated substrate). Furthermore, the injection of electrons during the treatment process can be another reason for the increase in the thermal conductivity of the substrate after the EBT process. Thus, the reorientation of microvolumes from (111) to (200) of TiN film is in correlation with the texture formation theory and the thermal properties of the Co–Cr substrate [30,32]. According to the authors of [33], for magnetron-sputtered TiN coatings, nuclei differing in their crystallographic orientation are formed via different growth mechanisms. When the nuclei are oriented parallel to the substrate surface with (111) crystallographic planes, Volmer–Weber mechanism of nucleation (three-dimensional nucleation from the beginning of the film growth) is realized [33]. At the same time, nuclei that are orientated parallel to the substrate surface with (100) or (110) crystallographic planes are formed via layer-by-layer Frank–van der Merwe mechanism [33]. Therefore, electron beam treatment of Co–Cr substrate led to different growth mechanism of the TiN layer. The EBT of the base material led to a change in the growth mechanism from the three-dimensional Volmer–Weber to the layer-by-layer Frank–van der Merwe mechanism.



Concerning both diffraction patterns shown in Figure 2, no amorphous-like halos were observed, indicating a high degree of crystallinity of the samples (i.e., the Co–Cr substrates and the deposited bilayer coatings in both cases). Also, in the case of EBT of the substrate, the peaks were stronger and narrower, indicating a lower concentration of the crystallographic imperfections. During the growth of the bilayer coating on the untreated substrate, the mobility of the atoms in the growing layer was relatively low due to the lower temperature on the surface of the substrate, unlike in the case of EBT of the substrate, where the energy and mobility of the growing particles were higher. The diffusion processes caused redistribution and even partial annihilation of the imperfections.



The overall thickness of the deposited coatings on electron beam-treated and untreated Co–Cr substrates were evaluated by cross-sectional optical analysis. The results revealed that both EBT and polished samples had an almost identical overall thickness equal to 0.94 ± 0.05 and 1.04 ± 0.04 μm, respectively. This means that the treatment process did not significantly affect the deposition rate. Nevertheless, the authors of [34] showed that TiN surface with (200) orientation exhibits much more affinity to oxidation and provides available sites for oxygen molecule adsorption. This means that the zone between the nitrogen and oxygen part of the coating (i.e., the oxynitride region) should be larger due to the diffusion of oxygen on the surface of the TiN layer. The (200) TiN allows higher deposition rate, meaning that the thickness of the oxide–nitride layer should be a bit larger in the case of a deposition on a treated substrate compared to an untreated one. These statements are in correlation with our XRD results, which showed that the diffraction maxima of the TiO2 phase were stronger in the case of the EBT substrate compared to the untreated substrate.



The change in the average concentration of Ti, N, and O through the thickness of the coatings was measured by GDOES analysis, and the results are shown in Figure 3. The compositional depth profile of Ti/O ratio was close to the stoichiometrically correct values (33 at % Ti and 66 at % O) for TiO2. The oxygen content decreased gradually from the surface until it reached 3 at %–4 at % in the nitride. This indicates that the residual oxygen present in the vacuum chamber during sputtering was in competition with reactive gas for Ti adsorption site occupancy. Another source of O could be that in the vacuum chamber during spectra acquisition. The average atomic concentration of N in TiN was in the range of 38%–40%, and the N/Ti ratio was about 0.7 or a little lower than the stoichiometry expected ratio. Low content of carbon (1%–2%) was also observed at the surface of the deposits. The thickness of the oxide was less than 0.1 μm, whereas the oxynitride zone was commensurate with the oxide thickness.



Both samples showed almost similar depth profiles of the elements with lower than stoichiometry N/Ti ratio of the nitride. The intensities of element distribution normally show considerable scattering in concentration vs. depth quantification, especially for samples with a rough surface like that of the electron beam-treated sample. For this reason, and because of the small coating thickness, the results from EBT and coated sample are not presented here.



Figure 4 presents two- and three-dimensional AFM images of the surface topography of the bilayer coatings deposited on the electron beam-treated and untreated Co–Cr substrate. The influence of the EBT process on the topography of the surfaces of the investigated samples was quantitatively evaluated by the so-called mean roughness value Sa, which is calculated according to Equation (2):


Sa=1MxN∑k=0M−1∑l=0N−1|z(xk,yl)−μ|



(2)







In Equation (2), M and N are the numbers of the measured points along the x- and y-axes, z is the height at the point with coordinates xk and yl; and μ is the mean height.



The results obtained for the mean roughness parameter are summarized in Table 2. It is obvious that the electron beam treatment of Co–Cr material led to about 3 times increase in the surface roughness. The authors of [35] mentioned that the electron beam treatment of smooth surfaces is capable of formatting craters and increasing the roughness. According to another research [36], an electron beam treatment of smooth surfaces results in an increase in roughness because, during the treatment process, a small amount of material is evaporated, followed by condensation, which leads to a formation of protrusions [36]. Therefore, it can be concluded that EBT of smooth surfaces will lead to an increase in surface roughness. These statements are in agreement with the results obtained in our study, where electron beam treatment of previously polished Co–Cr substrate resulted in an increase in the surface roughness. The higher measured values of the Sa parameter of the bilayer TiN/TiO2 in the case of electron beam-treated substrate are due to the fact that the topography of the deposited coatings follows the topography of the covered material. With regard to the roughness, the calculated Sa values are commonly accepted as low-roughness surface texturing. The nanosized topographic profiles on the implant surface may be of practical importance with respect to wettability, cell adhesion, adsorption of proteins, and biomineralization phenomenon [37]. It was shown by Zhou et al. [38] that the percentage of fully spread epithelial-like cells among attached cells and cell density on 13 nm rough magnetron-sputtered TiO2 coating was higher after 16 h of incubation compared to 5 nm rough coated samples. Furthermore, considering the crystalline structure of the obtained oxide, this anatase crystal architecture would be more beneficial for decreased bacterial proliferation because it has been found that amorphous TiO2 promotes bacterial attachment [39]. Colon et al. reported that, in contrast to the microstructured surface, nanostructured TiO2 reduced Staphylococcus epidermidis adhesion and increased osteoblast functions, alkaline phosphatase activity, and calcium mineral deposition [40].



The influence of EBT on the hardness of the surface of both samples was investigated by nanoindentation, and the results are presented in Table 2. Figure 5 presents the experimentally obtained load–displacement curves from which the hardness values were evaluated [41,42]. It is obvious that the penetration level of the indenter after each measurement was different. This effect was much more visible at the electron beam-treated substrate covered by TiN/TiO2 due to the different surface roughness of the material. The indenter can touch a peak or a valley, and in the case of rough surfaces, the scattering of the level of penetration will be significant. The results show that the EBT of Co–Cr substrate led to a decrease in the hardness from 10.706 GPa (for untreated substrate) to 5.030 GPa (for treated substrate). According to the authors of [43,44], when (111) planes in polycrystalline TiN films are predominant, the hardness should be the highest. These statements are in agreement with the results of our study, where it was shown that electron beam treatment of Co–Cr substrate led to a reorientation of the microvolumes from (111) to denser (200) planes of TiN film, triggering a decrease in the microhardness values. It should be noted that, at depths of penetration of the indenter above 10%, the measured values are influenced by the hardness of the substrate. From the load–displacement curves, it is visible that the indenter penetration depth reached about 50%–60% of the coating thickness in both cases, which meant that the measured values were affected by the base material. On the other hand, it was found that treatment of Co–Cr alloy by high-energy fluxes caused a significant increase in the hardness [29], which is contrary to our results. Therefore, the influence of the orientation of microvolumes of layers on the discussed mechanical characteristic of TiN/TiO2 coating should be significantly higher compared to the properties of the substrate.



In the case of deposition of coatings for the manufacturing of implants, their mechanical properties should be similar to those of human bones. Otherwise, an effect related to severe stress shielding will appear. As mentioned above, the hardness of the bilayer TiN/TiO2 deposited on untreated Co–Cr substrate was 10 GPa, and this value is quite high compared to those of human bones. Thus, it is clear that such coatings are not appropriate for implant manufacturing. After the EBT of Co–Cr substrate, the hardness of TiN/TiO2 coating was reduced to 5 GPa, which is in agreement with the results published in [45] and is comparable with the measured values for human teeth [46].



The COF on the surfaces of both samples was measured by wear test at a load of 2 N and for 600 s, and the results are shown in Figure 6. Also, the mean friction coefficients of the investigated specimens are summarized in Table 2. The results obtained by wear investigations revealed that the COF was about 0.65 in the case of deposition of bilayer TiN/TiO2 on untreated Co–Cr and significantly decreased down to 0.24 when the same coating was deposited on an EBT substrate. For a better understanding of the friction behavior of the deposited coatings, the experimentally obtained friction curves were extensively analyzed. At the starting point, the COF of both specimens was very similar, reaching values of 0.18. In the case of the bilayer TiN/TiO2 deposited on the untreated substrate, COF increased gradually with increasing sliding time (to about 150 s) and reached values of about 0.8. Also, some fluctuations in the COF were visible in the later stages of the wear test up to 300 s, suggesting the formation of debris. With regard to the sample with deposited bilayer TiN/TiO2 on electron beam-treated substrate, the coefficient of friction was about 0.15 in the beginning and increased constantly during the measurement, up to about 0.4. No fluctuations were registered, meaning that the deposited coating on electron beam-treated Co–Cr was significantly more ductile compared to the untreated substrate. As already mentioned, TiN surface with (200) orientation exhibits much more affinity to oxidation and provides available sites for oxygen molecule adsorption. This means that the zone between the nitrogen and oxygen part of the coating (i.e., the oxynitride region) should be larger due to the diffusion of the oxygen in the TiN layer [34], meaning that the thickness of the oxide–nitride layer should be a bit larger in the case of deposition on the treated substrate. It follows that the coating deposited on EBT substrate can be characterized with higher ductility, which is in agreement with the results for the coefficient of friction.



The results of the present study show the possibility of controlling the structure and properties of multilayer TiN/TiO2 coatings deposited on Co–Cr substrates by means of electron beam treatment. It was found that the treatment process led to structural changes in the base Co–Cr material, which corresponded to an alteration in the film growth mechanism of the multilayer coating and corresponding mechanical properties. It is known that the electron beam surface treatment technology is an appropriate technique for surface modification, and it has several advantages compared to traditional manufacturing methods, such as annealing. The heating and cooling rates on the surface are quite high, and the changes in the structure and functional properties can be easily controlled, which is important for exploitation. The input energy during the treatment can be accurately dosed, which allows a strict control on structural modifications. Furthermore, materials with complex shape can be easily manufactured, while traditional techniques involve processing these parts separately and then assembling them. It should be noted that the application of electron beam-treated materials in practice has continuously increased, and more and more industrial companies have introduced this technique during the last decades.




4. Conclusions


The results obtained in the present study show the effect of electron beam treatment processing of Co–Cr substrates on the film growth, mechanical properties, and surface topography of multilayer TiN/TiO2 coatings deposited by reactive magnetron sputtering. It was shown that electron beam treatment of the substrate led to a change in its phase composition from a double-phase structure of ε-Co and γ-Co to a single-phase structure of γ-Co. The deposited TiN/TiO2 coatings were monophasic and polycrystalline, and the results showed the presence of anatase TiO2 and TiN phases. It was found that electron beam treatment of the substrate led to a reorientation in the microvolumes from (111) to (200) at the TiN phase. The EBT of the base material caused a change in the growth mechanism of the TiN phase from the three-dimensional Volmer–Weber to the layer-by-layer Frank–van der Merwe mechanism. Such reorientation of the microvolumes was not observed for TiO2. It was found that electron beam treatment did not significantly affect the thickness of the coatings and the deposition rate. After EBT, the surface roughness increased from about 5–15 nm for the deposited coatings. The higher surface roughness after the EBT process led to an increase in the contact area, which might support cell growth and adhesion on the surface of the deposited bilayer coating. It was demonstrated that electron beam surface treatment tended to decrease the hardness of the deposited films from about 10–5 GPa. The observed decrease in the hardness was attributed to the change in the preferred crystallographic orientation and film growth mechanism. The hardness of the bilayer coating after the EBT of the Co–Cr substrate was much closer to that of human bones, which means that severe stress shielding effect could not be expected. The evaluated COF exhibited significantly lower values in the case of EBT of the substrate compared to the untreated Co–Cr material.
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Figure 1. Sketch of the electron beam treatment experiment. 
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Figure 2. XRD pattern of the deposited coatings on electron beam-treated and untreated Co–Cr substrate. 
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Figure 3. Depth profiles of Ti, O, and N in TiN/TiO2 coating deposited on Co–Cr substrate without electron beam treatment. 
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Figure 4. Atomic force microscopy (AFM) 2D and 3D images of TiN/TiO2 coating deposited on Co–Cr substrate: (a) 3D micrograph of treated substrate; (b) 2D micrograph of treated substrate; (c) 3D micrograph of untreated substrate; (d) 2D micrograph of untreated substrate. 
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Figure 5. Penetration curves of the indenter of (a) TiN/TiO2 coating deposited on treated Co–Cr substrate and (b) TiN/TiO2 coating deposited on untreated Co–Cr substrate. 
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Figure 6. Coefficient of friction of bilayer TiN/TiO2 coatings deposited on electron beam-treated and untreated Co–Cr substrate. 
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Table 1. The shares of microvolumes of different texture components evaluated by Phkl.
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Substrate Processing

	
TiN

	
TiO2




	
P111, %

	
P200, %

	
P220, %

	
P101, %

	
P200, %






	
Untreated

	
64.32

	
31.18

	
4.50

	
45.11

	
54.89




	
EBT

	
27.12

	
61.25

	
11.63

	
33.69

	
66.31
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Table 2. The parameters characterizing the surface topography (Sa), thickness, hardness (H), and coefficient of friction (COF) of the investigated samples.
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	Substrate Processing
	Sa (nm)
	Thickness (μm)
	H (GPa)
	COF





	Untreated
	5.10 ± 0.01
	1.04 ± 0.04
	10.706 ± 0.580
	0.653 ± 0.222



	EBT
	14.96 ± 0.04
	0.94 ± 0.05
	5.030 ± 0.895
	0.241 ± 0.105
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