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Abstract

:

This paper presents the results of the influence of variation of the synthesis conditions of CuBi/CuBi2O4 films with a change in the applied potential difference, as well as a change in electrolyte solutions (in the case of adding cobalt or nickel sulfates to the electrolyte solution) on changes in the phase composition, structural parameters and strength characteristics of films obtained using the electrochemical deposition method. During the experiments, it was found that, in the case of the addition of cobalt or nickel to the electrolyte solutions, the formation of films with a spinel-type tetragonal CuBi2O4 phase is observed. In this case, a growth in the applied potential difference leads to the substitution of copper with cobalt (nickel), which in turn leads to an increase in the structural ordering degree. It should be noted that, during the formation of CuBi/CuBi2O4 films from solution–electrolyte №1, the formation of the CuBi2O4 phase is observed only with an applied potential difference of 4.0 V, while the addition of cobalt or nickel sulfates to the electrolyte solution results in the formation of the tetragonal CuBi2O4 phase over the entire range of the applied potential difference (from 2.0 to 4.0 V). Studies have been carried out on the strength and tribological characteristics of synthesized films depending on the conditions of their production. It has been established that the addition of cobalt or nickel sulfates to electrolyte solutions leads to an increase in the strength of the resulting films from 20 to 80%, depending on the production conditions (with variations in the applied potential difference). During the studies, it was established that substitution of copper with cobalt or nickel in the composition of CuBi2O4 films results in a rise in the shielding efficiency of low-energy gamma radiation by 3.0–4.0 times in comparison with copper films, and 1.5–2.0 times for high-energy gamma rays, in which case the decrease in efficiency is due to differences in the mechanisms of interaction of gamma quanta, as well as the occurrence of secondary radiation as a result of the formation of electron–positron pairs and the Compton effect.
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1. Introduction


Today, the problem of protection from the negative effects of ionizing radiation on living organisms, as well as microelectronics (operating in conditions of increased background radiation), is one of the most important in the modern world [1,2,3]. There are many reasons for this; first of all, the increased use of various sources of ionizing radiation (non-natural origin) in various industries (energy, medicine, etc.) leads to an increase in the likelihood of exposure to radiation on living organisms, which can lead to negative consequences, including mutations, diseases and deterioration of health [4,5]. At the same time, artificial sources of ionizing radiation are increasingly used in medicine (X-ray machines, gamma knives, proton and heavy ion accelerators for the treatment of tumors), which requires increasing the level of protection from exposure to ionizing radiation for personnel who are directly involved in their maintenance and operation, since classical traditional methods of protection in these cases cannot always be used [6,7].



An important role in developments to shield ionizing radiation is also played by work related to the disposal of nuclear waste at nuclear power plants or nuclear test sites, where it is necessary to comply with strict control and safety standards for long-term storage, as well as to minimize the negative impact of ionizing radiation on the environment [8,9]. Among the most effective materials for these purposes are carbide and nitride ceramics, which have high strength and wear resistance, as well as resistance to radiation damage during prolonged exposure and the accumulation of high doses of damage [10,11,12].



Recently, much attention has been paid to research on the prospects of using thin films or thin-film coatings as shielding protective materials, interest in which is primarily due to the possibility of using them to create local protection of key components of microelectronic devices operating under conditions of exposure to increased background radiation (in spacecraft, satellites or nuclear power plants) [13,14,15]. Thus, the use of CuBi/CuBi2O4 films as promising materials for protection against the negative effects of electromagnetic radiation was shown in [16,17]. Much attention is paid to composite materials and films consisting of oxide compounds and polymer films as protective shielding materials [18,19]. Interest in such research is due to the possibility of expanding the classes of protective materials, as well as thin, lightweight and sufficiently flexible shields that can be used to protect complex-profile objects. Moreover, these technological solutions are based on technologies for combining light and heavy elements, as well as binding polymer matrices, which serve both as a basis for applied coatings and as matrices in which oxide particles are equally distributed throughout the entire volume [20]. Therefore, for example, in [21], the authors show the prospects for using composite materials based on polymer matrices with oxide nanoparticles placed in them as shielding materials with high shielding efficiency, which are due to the presence of oxides such as WO3 and Bi2O3. Also, the use of composite materials in the form of coatings or films is aimed primarily at reducing the cost of production of microelectronic devices for operation in flows of ionizing radiation, for protection against which the classic scheme of duplicating key components is used in order to avoid failures due to radiation damage caused by exposure to ionizing radiation [22,23]. At the same time, the use of these technological solutions makes it possible to solve the issue of protecting key components from the negative effects of ionizing radiation, as well as to reduce the load on the weight and dimensions of microcircuits, which plays a very important role in the case of spacecraft, since transporting each kilogram into orbit requires large amounts of fuel. Thin films play an important role in shielding not only various types of ionizing radiation (gamma, neutron or electron), but also in protecting against electromagnetic influence, which can lead to failures in microelectronic devices along with radiation damage [24,25].



Based on the analysis of the main areas of research in the field of development of shielding materials and their application, the goal of this research was formulated, which is aimed at creating effective shielding materials that can have a positive effect in this direction. The key purpose of this work is to develop a technology for producing composite films based on compounds of copper, bismuth, nickel, cobalt and their oxide compounds such as CuBi/CuBi2O4, as well as to evaluate their use as shielding materials for protection against the negative effects of ionizing radiation [26,27].



The novelty and relevance of this research is based on the possibility of obtaining new types of high-strength shielding materials based on CuBi/CuBi2O4 with the partial replacement of copper with cobalt or nickel, which can be used to protect against the negative effects of ionizing radiation (gamma and X-rays), and also be used as flexible protective shields for shielding, which have good corrosion resistance and wear resistance (resistance to mechanical stress). The choice as research objects for the development of protective shielding films based on CuBi/CuBi2O4 is due to the high density of these compounds (about 8.5–8.6 g/cm3), comparable to alternative ceramic or glass-like materials based on oxide compounds of tellurium, tungsten, bismuth and lead (the density of these structures varies from 5.0 to 10 g/cm3, depending on the number of components in the material and their stoichiometric composition), as well as the possibility of creating protective films with great flexibility, which is due to the polymer matrix being used as a substrate for the synthesized films, which allows them to be used in shielding devices of complex geometry. Moreover, consideration of the possibility of partial replacement of copper in the CuBi2O4 composition with related elements such as nickel, cobalt or iron is due to the possibility of increasing not only the shielding efficiency due to changes in the charge number (Zeff) when replacing copper, but also increasing the strength parameters (hardness, wear resistance, corrosion resistance) due to the formation of a more stable film structure. The choice of nickel and cobalt as components to replace copper is due to their similarity of atomic radii (rCu—128 pm, rCo—125 pm, rNi—124 pm), as well as their electrode reduction potentials, which makes it possible to use the method of varying the applied potential difference to vary the ratio of elements in the composition of the films. The use of nickel and cobalt in electrochemical deposition, meanwhile, has proven itself rather well in order to obtain sufficiently strong and wear-resistant coatings that have higher corrosion resistance rates than copper coatings, which have a tendency for rapid oxidation.




2. Materials and Research Methods


2.1. Preparation of Solutions–Electrolytes for the Synthesis of Thin Films


The following components were used as initial components for preparing electrolyte solutions: solution–electrolyte №1 to obtain CuBi/CuBi2O4 films–CuSO4·5H2O (238 g/L), Bi2(SO4)3 (10 g/L), H2SO4 (21 g/L); solution–electrolyte №2 to obtain CuBi/CuBi2O4 films with partial substitution of copper by nickel–CuSO4·5H2O (200 g/L), Co2SO4·7H2O (40 g/L), Bi2(SO4)3 (10 g/L), H2SO4 (21 g/L); solution–electrolyte №3 to obtain CuBi/CuBi2O4 films with partial substitution of copper with cobalt–CuSO4·5H2O (200 g/L), Ni2SO4·7H2O (40 g/L), Bi2(SO4)3 (10 g/L), H2SO4 (21 g/L). Solutions–electrolytes were prepared by dissolving all components in given proportions in distilled water, mixing the components using magnetic stirrers at a constant stirring speed (50–100 rpm) and a temperature of 45–50 °C, in order to achieve complete dissolution of all the salts used. The selection of the ratio of components for the preparation of electrolyte solutions was carried out experimentally, the purpose of which was to test the modes of film production and the ability to control the stoichiometric composition of the resulting films. After stirring in order to achieve complete dissolution of all salts, the resulting solutions were kept for two to three hours until they reached room temperature, in order to prevent the influence of temperature factors on the processes of electrochemical reduction in the metal deposit in the form of films on the surface of the substrates.



For the synthesis of films, a PLA cell printed using additive technologies was chosen. The distance between the electrodes was fixed and amounted to 3 cm; for this, the upper electrode was placed on a special platform located at a fixed distance from the lower electrode. Chlorine, a silver electrode, was chosen as a reference electrode, with the help of which the deposition parameters were monitored. The deposition time of the films was fixed and amounted to 20 min. At the same time, it was experimentally established that an increase in deposition time of more than 60 min leads to a decrease in the deposition rate (a decrease in current density was observed), which is due to the depletion of the electrolyte solution over time.



The main method for producing thin films was the electrochemical synthesis method, which is based on the reduction in a metal deposit from aqueous solutions–electrolytes on the surface of the cathode when an electric current passes through the solution–electrolyte. Copper plates of the same area were used as the anode and cathode, varying which makes it possible to obtain films of different sizes. To study the effect of variation in synthesis conditions on the phase composition of the films, the variation range of the applied potential difference was chosen from 2.0 to 4.0 V with a step of 0.5 V, which made it possible to obtain films with a controlled phase composition, as well as a different ratio of elements, the change in which occurs with varying synthesis conditions. In the case of using solution–electrolyte №1 (without additives), an elevation in the applied potential difference above 4.0 V leads to structural ordering and dominance of the CuBi2O4 phase over the Cu(Bi) phase (see the example X-ray diffraction patterns of samples obtained using solution–electrolyte №1 in Figure 1). If the applied potential difference increases above 4.0 V when using electrolyte solutions with the addition of cobalt sulfates (solution №2) and nickel sulfates (solution №3), a rapid release of oxygen is observed in the electrochemical cell, which leads to uneven deposition associated with partial overlap of the cathode surface. Based on this, the range of applied potential differences in this experiment was chosen from 2.0 to 4.0 V.




2.2. Characterization of the Films under Study


To determine the surface morphology of the resulting thin films depending on variations in synthesis conditions (changes in electrolyte solution, difference in applied potentials), the atomic force microscopy method was used, implemented on a Smart SPM microscope (AIST-NT, Zelenograd, Russia) in semi-contact shooting mode. Based on the data obtained, 3D images of the sample surface were constructed, reflecting changes in surface morphology during film growth (in the case of changes in deposition time), as well as with variations in synthesis conditions (changes in the electrolyte solution and the difference in applied potentials).



Determination of the phase composition of the synthesized films depending on the synthesis conditions (with variations in the applied potential difference, as well as changes in electrolyte solutions) was carried out using the X-ray diffraction method. The recording of X-ray diffraction patterns was carried out on a D8 ADVANCE ECO X-ray diffractometer (Bruker, Karlsruhe, Germany) in the Bragg–Brentano geometry (2θ = 30–100°, with a step of 0.03° and a diffraction pattern acquisition time at a point of 1 s). The determination of the phase composition was carried out by comparative analysis of the position of diffraction lines on the obtained experimental diffraction patterns with card values from the PDF-2 (2016) database, considering possible distortions of the structure (shift in diffraction lines) caused by the deposition process. At the same time, comparison of the obtained data with the experimental data was carried out when the card (reference) values from the PDF-2 database coincided with the experimental data with an accuracy of about 90%.



Determination of the elemental composition of the film samples under study, depending on the production conditions, was carried out by recording energy-dispersive spectra on a TM3030 scanning electron microscope (SEM) (Hitachi, Tokyo, Japan), equipped with an attachment for energy-dispersive analysis. The accuracy of the measurements was achieved by taking about 10–15 spectra from different areas of the samples, as well as subsequent assessment of the distribution of elements in the composition of the films using the mapping method (determining the equiprobable distribution of elements over large areas of the samples).



Measurements of the optical properties of the synthesized films depending on the production conditions were performed on a SPECORD 250 PLUS UV-Vis spectrophotometer (Analytik Jena, Jena, Germany). The measurements were carried out in the wavelength range from 300 to 1000 nm with a step of 1 nm.



Determination of the strength characteristics of the synthesized films depending on the conditions of their preparation was carried out using the indentation method, implemented using a Duroline M1 microhardness tester (Metkon, Bursa, Turkey). A Vickers diamond pyramid was used as an indenter; the load on the indenter was 10 N, which made it possible to measure the hardness of thin films without the influence of the indenter on the substrate.



Tests to measure the dry friction coefficient, as well as determine the effectiveness of the effect of replacing copper with cobalt or nickel in the composition of films to external mechanical influences, were performed using a UNITEST 750 tribometer (Ducom Instruments, Bengaluru, India). The tests were carried out by successive tests using a ball-shaped indenter, which was applied to the surface under a load of 100 N. The number of friction repetition cycles was 20,000. Based on the obtained tribological test data, the dry friction coefficient (as well as the dynamics of its change depending on the number of cycles of successive tests), as well as the wear profile of coatings, indicating degradation of the film surface depending on their type, were determined.




2.3. Determination of Shielding Efficiency


The assessment of the shielding ability of CuBi/CuBi2O4 films in gamma radiation shielding was carried out using the classical scheme of shielding experiments [28,29]. The efficiency of shielding and intensity reduction in gamma radiation was assessed using a standard method for assessing the intensity of recorded gamma radiation with a certain energy at a distance of 10 cm from the source of gamma rays using a NaI detector. Co57 (130 keV), Cs137 (660 keV) and Na22 (1230 keV) were used as sources of gamma quanta, which made it possible to simulate the processes of interaction of gamma rays with matter, including the photoelectric effect, the Compton effect as well as the formation of electron–positron pairs. The shielding efficiency was determined by changes in the spectra of recorded gamma rays before and after shielding. In the case of using thin shielding films, the quality of the spectrum deteriorates sharply, due to a decrease in statistics, as well as a decrease in line intensity. An increase in the statistical spread of points on the spectrum indicates a small number of recorded effects associated with the passage and subsequent interaction of gamma quanta. The shielding efficiency was determined by comparing the intensity values recorded without a protective shield and using protective shields made of synthesized films.





3. Results and Discussion


3.1. The Influence of Variations in Solutions–Electrolytes on Changes in the Phase Composition and Structural Parameters of Synthesized CuBi/CuBi2O4 Films


One of the ways to vary the phase composition of films obtained using the electrochemical deposition method is to change the synthesis conditions (variation of the applied potential difference). As is known, a rise in the applied potential difference in the case of two or three-component electrolyte solutions leads to a change in the rate of reduction in metal ions in the solution, which in turn leads to a change in the elemental composition of the resulting structures, and as a consequence the possibility of changing the phase composition due to the structural formation of films from various elements. In this case, the dominance of the reduction rate (reduction potential) of metal ions from aqueous solutions–electrolytes can lead to the dominance of one of the elements in the resulting structures which, under certain conditions or concentrations, can lead to the formation of new structural elements in the form of inclusions of new phases, or a complete phase transformation of the resulting films. The most reliable method for determining phase and structural changes in films is the X-ray diffraction method, the use of which makes it possible to obtain data not only on phase changes in films when varying the conditions for their production, but also to determine the influence of variations in the applied potential difference (as a consequence, changes in the rate of reduction in metal ions) on the structural parameters of the resulting films and the structural ordering degree.



Figure 2a shows X-ray diffraction patterns of the studied samples of CuBi/CuBi2O4 films obtained from solution–electrolyte №1, with variation in the applied potential difference, the changing of which makes it possible to increase the deposition rate by changing the rate of reduction in metal deposits from sulfuric acid aqueous solutions.



According to the assessment of the general appearance of the presented X-ray diffraction patterns of the studied samples, it can be concluded that a change in the applied potential difference leads to two types of structural changes: (1) a change in the structural ordering degree, expressed in a change in the shape of the diffraction maxima, as well as a change in their intensity (texturing effect); (2) a change in the phase composition of the films, which manifests itself due to the appearance of new diffraction reflections in diffraction patterns at high potential differences. At the same time, the ratio of the intensities of diffraction reflections and background radiation indicates the polycrystalline structure of the resulting films, as well as a fairly high degree of structural ordering (crystallinity degree) of the films, a change in which is observed with variations in synthesis conditions (changes in the applied potential difference).



The general appearance of the presented diffraction patterns, depending on changes in synthesis conditions (with variations in the difference in applied potentials), indicates not only changes in the structural ordering degree (expressed in changes in the shape and intensity of diffraction reflections), but also the processes of phase transformations that appear at applied potential differences above 3.0 V. In the case of applied potential differences from 2.0 to 3.0 V, the main positions of the diffraction reflections presented in the X-ray diffraction patterns correspond to the cubic phase of Cu (PDF-00-004-0836), the formation of which is due to the processes of electrochemical reduction in the metal deposit, as well as the potential for the reduction in copper from sulfuric acid aqueous solutions–electrolytes [30,31]. In this case, the shape and angular position of the diffraction reflections indicate a deformation distortion of the crystal lattice of the tensile type (shift of reflections to the region of small angles), which can be explained by the effect of partial substitution of copper ions by bismuth ions at the crystal lattice sites, the ionic radius of which (1.2 Å) is significantly larger than the ionic radius of copper (0.98 Å). In this case, the shift in the position of the diffraction reflections relative to the initial position (determined for samples of CuBi/CuBi2O4 films obtained at a potential difference of 2.0 V) can be explained by an increase in the bismuth content in the films, which is observed according to energy dispersion analysis data (see results presented in Figure 2a). Also, changes in crystal lattice parameters (their increase) are evidenced by the data presented in Table 1, which were determined using the Nelson–Taylor technique, used to estimate structural parameters by selecting a certain number of approximating functions when analyzing the shape and position of diffraction reflections [32]. At the same time, in the case of an increase in the applied potential difference from 2.0 to 3.5 V, not only a change in the shape of the main diffraction reflections is observed, indicating the structural ordering degree, but also the appearance of a texture effect, which is most pronounced for film samples obtained at potential differences of 3.0–3.5 V, for which an increase in the intensity of the diffraction reflection is observed at the angular position of 2θ = 74.0–74.5°, comparable in magnitude to the intensity of the diffraction reflection at 2θ = 43.0–43.5°. This change in the intensities of diffraction reflections with increasing difference in applied potentials is due to the fact that the formation of grains in the film structure occurs along two selected textural directions, which indicates the occurrence of the effect of texture misorientation of grains, which manifests itself for nanostructured materials obtained by electrochemical deposition [33,34].



Figure 3 demonstrates the mapping results of the film samples under study depending on the type of electrolyte solution used, which reflects the isotropic distribution of elements in the film composition over the surface. The figure also reveals data on the morphological features of the synthesized films, found using the scanning electron microscopy method. The overall appearance of the data presented on the element distribution maps indicates the isotropy of the distribution of elements in the composition of the films. In this case, an alteration in synthesis conditions, in particular, variations in the applied potential difference, leads to the displacement of copper and an increase in the composition of bismuth and oxygen, in the case of using electrolyte solution №1, which has good agreement with the data of X-ray phase analysis. When cobalt or nickel sulfates are added to the electrolyte solution, according to the data presented in Figure 3b,c, it is clear that a growth in the applied potential difference leads to a rise in the content of cobalt or nickel in the composition of the films, while their uniform distribution over the volume is observed, indicating a partial replacement of copper in the composition.



By analyzing changes in the elemental composition of the resulting CuBi/CuBi2O4 films with changes in the applied potential difference, we can draw the following conclusions (see data in Figure 4) associated with the fact that the main changes in the elemental composition of films with an increase in the applied potential difference from 2.0 to 2.5 V occur due to an increase in the weight contribution of bismuth, the content of which increases from 6.6 at.% to 12.5 at.%. Moreover, such a change is in good agreement with the data on changes in the parameters of the crystal lattice presented in Table 1, as well as with the assumption made about the partial substitution of copper ions by bismuth ions during the formation of films. At the same time, the absence in the presented X-ray diffraction patterns of reflections characteristic of bismuth or other compounds of the substitutional solid solution type can be explained by low concentrations of bismuth in the structure of the films, as well as a well-structured crystal lattice of copper, the reflections of which are quite clearly visible in the diffraction patterns. It should also be noted that, when the applied potential difference increases to 3.0 V, a low oxygen content (no more than 2.5%) is observed in the structure of the resulting films, the presence of which can be explained by the structural formation of the films which, in the case of high potential differences, is accompanied by a rapid release of oxygen, which can penetrate into the films being formed, filling vacancies or interstices. In this case, also, the observed increase in the bismuth content in the films is in good agreement with the data on changes in structural parameters (data on the crystal lattice parameters are presented in Table 1 for the sample obtained at a potential difference of 3.0 V).



In the case of samples obtained at potential differences of 3.5 V, an increase in the content of bismuth (about 21 at.%) and oxygen (more than 5 at.%) is observed, which is consistent with X-ray diffraction data, according to which the diffraction pattern of the sample under study shows the appearance of low-intensity reflections at angular positions 2θ = 38.0, 40.5 and 46.0°, characteristic of the tetragonal phase of CuBi2O4 (PDF-01-071-5101); however, it is impossible to establish the weight contribution of it due to its low intensity. At the same time, for samples obtained at a potential difference of 4.0 V, the position of diffraction reflections is characteristic of the tetragonal phase of CuBi2O4, and when analyzing the elemental composition data, it was found that, at a given potential difference, a high content of oxygen and bismuth is observed in the structure of the films.



According to the obtained X-ray phase analysis data, it was established that, when the applied potential difference increases above 3.5 V, a phase transformation of the Cu(Bi) → CuBi2O4 type is observed, which leads to the formation of films with a spinel type of crystal structure and high density. It was established that, in the range of potential differences of 2.0–3.5 V, the dominant phase is the cubic phase of copper, the change in the parameters of the crystal lattice of which indicates the partial substitution of copper ions by bismuth ions while maintaining the cubic type of the crystal lattice. However, when the bismuth content in the films is more than 20 at.%, it leads to the initialization in the structure of the resulting films of phase transformations associated with the formation of the tetragonal CuBi2O4 phase, which has a spinel type of crystal lattice.



Figure 2b demonstrates the results of X-ray diffraction of samples of CuBi/CuBi2O4 films when a cobalt sulfate electrolyte was added to the solution, obtained by varying the applied potential difference. The obtained diffraction patterns indicate the polycrystalline structure of the synthesized films, and the observed changes depending on variations in synthesis conditions (changes in the applied potential difference) are characterized by changes in the degree of structural ordering, the change of which is associated with the processes of film formation during electrochemical synthesis.



According to the assessment of the phase composition for the studied CuBi/CuBi2O4 films when cobalt sulfate electrolyte is added to the solution, it is established that the dominant phase is the tetragonal phase of CuBi2O4; however, a significant difference from the observed similar phase for film samples obtained at an applied potential difference of 4.0 V when using electrolyte solution №1 is the broadening of parameter c, which indicates a deformation distortion of the crystal structure (see data in Table 1), which may be associated with the effects of replacing copper with cobalt. At the same time, a change in the synthesis conditions (i.e., a variation in the applied potential difference) in the case of adding cobalt sulfate to the electrolyte solution does not lead to phase change processes, and the structure of the resulting films in the entire studied range of the applied voltage difference is represented by the tetragonal CuBi2O4 phase. This difference indicates that the addition of cobalt sulfate to the composition of the electrolyte solution leads to the acceleration of bismuth reduction processes at small differences in applied potentials, as well as the release of oxygen, which in turn leads to the formation of a tetragonal CuBi2O4 phase with varying degrees of structural ordering.



It should also be noted that, when the applied potential difference changes, an increase in the degree of structural ordering is observed, which is expressed not only in a change in the shape of diffraction reflections (the reflections become more symmetrical), but also in a decrease in the parameters of the crystal lattice (see data in Table 1). From this, we can conclude that the addition of cobalt sulfate to the electrolyte solution results in the formation of highly ordered structures, and a change in synthesis conditions is accompanied by an increase in structural ordering.



Figure 4b reveals the assessment results of the change in the elemental composition of the synthesized films with varying applied potential difference, according to which we can conclude that, with an increase in the applied potential difference, copper is partially replaced by cobalt in the composition of the films, the content of which changes from 7.7 at.% at an applied potential difference of 2.0 V to 22.3 at.% at an applied potential difference of 4.0 V. At the same time, no change in the bismuth content in the composition of the films was observed when the synthesis conditions changed, which also indicates that the main substitution is associated with the displacement of copper and its substitution with cobalt. It is also worth noting that, when the applied potential difference changes, a slight decrease in oxygen is observed, the decrease of which may be due to structural ordering.



Figure 2c shows the results of X-ray diffraction of the studied samples of CuBi/CuBi2O4 films when adding nickel sulfate electrolyte to the solution, obtained by changing the applied potential difference during the synthesis process. The general appearance of the obtained X-ray diffraction patterns indicates that a change in the applied potential difference leads to the formation of films with an almost X-ray amorphous structure (at small potential differences of 2.0–2.5 V), and in the case of high values of applied potential difference (3.5–4.0 V), well-structured films with a tetragonal type of crystal lattice, characteristic of the CuBi2O4 phase. At the same time, as in the case of films obtained from an electrolyte solution with the addition of cobalt sulfate (solution №2), the addition of nickel sulfate to the electrolyte solution also leads to structural ordering, which is most pronounced in changes in the structural parameters of the resulting films (see data presented in Table 1).



The data on changes in the elemental composition of the films presented in Figure 4c also indicate that the main substitution with a change in synthesis conditions (an increase in the applied potential difference) is associated with the displacement of copper and its substitution with nickel, the content of which also increases from 6.5 at.% at an applied potential difference of 2.0 V to 19.8 at.% at an applied potential difference of 4.0 V, which has a similar trend in the change in the elemental composition for films obtained from solution–electrolyte №2 (with the addition of cobalt sulfate to the electrolyte composition).



Analyzing the obtained changes in the elemental and phase composition of films obtained from solutions–electrolytes №2 and №3, we can conclude that an increase in the applied potential difference leads to the substitution of copper with cobalt or nickel, while new phase inclusions in the composition of the films have not been established.



Figure 5 presents the results of a comparative analysis of the degree of structural ordering (crystallinity degree)—a value that allows one to evaluate the perfection of the crystal structure of the resulting films, as well as the concentration of defective or disordered inclusions, a large number of which can lead to a decrease in the stability of films during their operation. The degree of crystallinity was assessed using a method based on approximating the obtained X-ray diffraction patterns with the required number of pseudo-Voigt functions in order to determine the ratio of the areas of diffraction reflections and the background area. By comparing these values, the degree of crystallinity was determined, i.e., structural ordering of the crystal structure of the obtained samples depending on the conditions of their preparation.



As can be seen from the presented data, the most pronounced changes in the degree of structural ordering are observed for CuBi/CuBi2O4 films obtained from solution–electrolyte №3, for which, at small differences in applied potentials (2.0–2.5 V), the structural ordering degree has rather low values (less than 70%), which indicates a close to amorphous-like structure of the resulting films. Moreover, in the case of growth in the applied potential difference above 3.0 V, a more than twofold increase in the structural ordering degree for these films is observed in comparison with the results obtained with an applied potential difference of 2.0–2.5 V. The change in the structural ordering degree is close to linear for CuBi/CuBi2O4 films obtained from solution–electrolyte №3, for which, according to X-ray diffraction data, structural ordering and compaction of the crystal lattice are observed (a decrease in its volume and parameters). In the case of using solution–electrolyte №1, there is a slight decrease in the degree of structural ordering for samples obtained at applied potential differences of 3.5–4.0 V, which is due to phase transformation processes such as Cu(Bi) → CuBi2O4.



Figure 6 reveals the results of determination of UV–Vis optical transmission spectra of synthesized films depending on the composition of the electrolyte used for synthesis. The general appearance of the obtained spectra is characterized by the presence of a fundamental absorption edge in the region of 300–350 nm, as well as a transmission spectrum in the visible and near-IR ranges. In the case of CuBi/CuBi2O4 films, the optical spectra are straight with a very low transmission intensity (less than 1%), the value of which indicates the absence of transmission and complete absorption of light in the entire measured range. This nature of the optical spectra indicates the metallic nature of the films obtained, which causes the absence of light transmission. It is important to highlight that the formation of the CuBi2O4 phase in the films at applied potential differences of 4.0 V leads to a slight increase in the transmission intensity, which may be due to phase changes in the films. In the case of addition of cobalt to the composition of the films, an elevation in transmission intensity is observed in the region above 500 nm, and in the case of the IR range, characteristic interference bands for the PET polymer film, which is the substrate for the synthesized films, are observed. A growth in cobalt content, meanwhile, results in a transmission intensity reduction, which is due to the metallization effect associated with the replacement of copper by cobalt, as well as changes in structural features and degree of crystallinity. For films obtained using an electrolyte with the addition of nickel sulfate, in the case where the films are of an X-ray amorphous nature, the transmittance in the visible and near-IR ranges is rather high, which indicates a direct influence of the degree of structural ordering on the optical properties of the synthesized films. In the case when Cu(Ni)Bi2O4 films become structurally ordered (at differences in applied potentials above 3.0 V), the optical transmittance decreases sharply.



Figure 7a–c present the study results of the morphological features of the synthesized CuBi/CuBi2O4 films depending on variations in synthesis conditions, as well as the type of solutions–electrolytes when nickel and cobalt sulfates are added to them. The data are presented in the form of 3D images of the surface of the samples, which reflect changes in both the shape of the grains (their sizes) and the packing density of the grains, expressed in the formation of agglomerates, the presence of which is characteristic of the formation of structures under various synthesis conditions.



The general appearance of the morphological features of CuBi/CuBi2O4 films obtained from solution–electrolyte №1 indicates that a change in the applied potential differences leads to the enlargement of the grains from which the films are formed, and also that, under all selected synthesis conditions, the surface of the resulting films is rather homogeneous (without large differences in profile heights and fairly low roughness values ~10–20 nm). It follows from this that the use of the selected synthesis conditions is accompanied by the uniform growth of films, without any irregularities, and the deposition process itself is characterized by the formation of spherical or globular particles, the sizes of which vary depending on the synthesis conditions, and, as a consequence, the elemental composition of the resulting structures. The enlargement of grains during the synthesis process can be explained by the effects of accelerated nucleation, characteristic of electrochemical synthesis at large applied potential differences [34].



In the case of samples of the studied CuBi/CuBi2O4 films obtained by the addition of cobalt sulfate electrolyte to a solution, changing the applied potential difference does not have a significant effect on the morphological features of the grains (no major changes in their sizes have been established); however, at large potential differences (above 3.0 V), the appearance of heterogeneities on the surface is observed, which indicates that the deposition of coatings is uneven (the difference is about 40–70 nm).



During the electrochemical deposition of CuBi/CuBi2O4 films obtained by adding a nickel sulfate electrolyte to a solution at an applied potential difference of 2.0 V, the formation of a fine-grained inhomogeneous structure is observed, which has good agreement with the results of X-ray diffraction, characterized by a structure close to X-ray amorphous in the resulting films, which can be explained by the formation of fine grains (the size of which is no more than 5 nm). A rise in the applied potential difference for these films leads to the formation of larger grains; however, as in the case of films obtained from solution–electrolyte №2 (with the addition of cobalt sulfate), the resulting films are characterized by a fairly developed heterogeneous surface, presented in the form of large agglomerates of grains, the average size of which is about 1–2 microns in diameter.



Analyzing the data on changes in the morphological features of the resulting CuBi/CuBi2O4 films from different compositions of solutions–electrolytes, we can conclude that the formation of the tetragonal CuBi2O4 phase in the film structure leads to the enlargement of grains, and in the case of addition of cobalt or nickel sulfates to the composition of solutions–electrolytes, it leads to the formation of films with a fairly heterogeneous developed surface, which can be used as anti-friction coatings (resistant to wear).




3.2. Determination of the Influence of Variations in the Composition of Solutions–Electrolytes on the Strength Characteristics of CuBi/CuBi2O4 Films


Determination of strength characteristics, as well as determination of the effect of addition of cobalt or nickel electrolyte to the solution, which is accompanied by a change in the structural features of the synthesized films, was carried out using the indentation method, the results of which are presented in Figure 8a. These measurements were carried out from different areas of the films under study in order to determine the uniformity of strength characteristics, as well as determine the measurement error and standard deviation.



The presented dependences of changes in the hardness of CuBi/CuBi2O4 films obtained under different production conditions can be divided into two types: the first type of changes is associated with the influence of variations in solutions–electrolytes used for film synthesis; the second type with changes in the applied potential difference, which, according to the presented X-ray diffraction data, is accompanied by a change in the degree of structural ordering (when using solutions–electrolytes №2 and №3), as well as phase transformations such as Cu(Bi) → CuBi2O4 (when using solution–electrolyte №1 at potential differences above 3.5 V).



In the case of changes in the hardness values of film samples of the first type, we can conclude that the addition of cobalt or nickel sulfate to the electrolyte solutions leads to an increase in hardness values, which are most pronounced at high potential differences. This increase in hardness can be explained by phase changes in the films, which consist in the fact that, when using solutions–electrolytes №2 and №3, the phase composition of the films is presented in the form of a tetragonal CuBi2O4 phase, with partial substitution of copper by cobalt or nickel, while the samples obtained from solution–electrolyte №1 at applied potential differences from 2.0 to 3.0 V are represented by the cubic Cu phase, in which some of the atomic positions are occupied by bismuth.



The second type of changes in the hardness values of the film samples under study is associated with the influence of the degree of structural ordering, as well as changes in the elemental composition of the resulting films (an increase in the bismuth content in the case of using electrolyte solution №1 and partial substitution of copper with cobalt or nickel when using electrolyte solutions №2 and №3, respectively). In this case, an increase in these elements in the composition of films leads to a change in hardness (increase in hardness), which is most pronounced at large differences in applied potentials. The change in hardness with a change in the elemental and phase composition of the films is associated with structural changes, which are characterized by the effects of structural ordering (see data in Table 1).



Based on the obtained data on changes in hardness values, hardening factors were calculated, which characterize the effect of changes in strength parameters depending on changes in the degree of structural ordering and phase composition of CuBi/CuBi2O4 films obtained under different production conditions. The hardening factor was calculated for CuBi/CuBi2O4 films obtained under different synthesis conditions (in the case of variation in the applied potential difference) by comparative analysis of changes in the hardness values of the samples with the hardness data obtained for samples of CuBi/CuBi2O4 films synthesized from solution–electrolyte №1 at a potential difference of 2.0 V. The results of the strength characteristics assessment are presented in Figure 8b.



The general appearance of the presented changes in the results of strengthening indicates that the greatest influence on the increase in strength characteristics is exerted by the effect of partial substitution of copper with cobalt or nickel, as well as an increase in their concentration in the films, which leads to more than 1.5-fold strengthening of the films. In the case of films obtained from a solution–electrolyte №1, the change in hardness (i.e., hardening) is most pronounced during phase transformations of the Cu(Bi) → CuBi2O4 type, which lead to film strengthening by more than 20–25%, in comparison with films obtained at lower potential differences (below 3.0 V).



Figure 9 shows the results of a comparative analysis of the factors of structural ordering and film strengthening (hardness changes) depending on the type of films obtained. As can be seen from the presented dependence, the most pronounced effect of structural ordering on strengthening is manifested for CuBi/CuBi2O4 films obtained from solution–electrolyte №3 (with the addition of nickel sulfate), the use of which, at potential differences equal to 2.0 and 2.5 V, leads to the formation of films with an almost X-ray amorphous structure, the ordering of which leads to a sharp change in strength characteristics. In the case of CuBi/CuBi2O4 films obtained from solution–electrolyte №1, the main contribution to strengthening is made by phase transformation processes, which manifest themselves at applied potential differences above 3.0 V (in this case, the structural ordering degree for these films decreases due to phase transformations accompanied by deformation distortion of the crystal lattice due to rearrangement of the crystal structure and the formation of the tetragonal CuBi2O4 phase).



One of the key factors characterizing the wear resistance of materials is their resistance to long-term mechanical stress due to friction or pressure. To assess wear resistance, as a rule, tribological methods are used, which make it possible to determine such quantities as the coefficient of dry friction, wear rate or mass loss of samples during long-term life tests.



Figure 10 shows the results of tribological tests of the studied CuBi/CuBi2O4 films carried out with sequential exposure of the indenter to the surface of film samples. Based on the tribological test data, the dry friction coefficient was calculated, the value of which was measured after each 1000 consecutive tests. The general appearance of the presented dependences of changes in the dry friction coefficient when changing the type of solution–electrolyte for producing CuBi/CuBi2O4 films can be characterized as follows. The use of solutions–electrolytes №2 and №3 leads to a slight increase in the coefficient of dry friction of films in the initial state from 0.24 to 0.25 in comparison with the value of the coefficient of dry friction for CuBi/CuBi2O4 films obtained from solution–electrolyte №1 equal to 0.17. This increase can be explained by effects associated with changes in the morphological features of the resulting films when using solutions–electrolytes №2 and №3, for which, according to the results of atomic force microscopy presented in Figure 4a–c, an increase in the surface roughness of the films and an enlargement of their sizes are observed. Moreover, for all three types of films, regardless of the applied potential differences, no significant differences in the initial value of the dry friction coefficient were observed.



During long-term tests, a change in the dry friction coefficient (its increase) indicates surface degradation and wear, which leads to the creation of additional obstacles for the moving indenter and increases friction.



As a rule, wear-resistant coatings are able to withstand a fairly large number of test cycles (about 10,000–15,000), which characterizes their resistance to external influences. In the case of CuBi/CuBi2O4 film samples obtained using electrolyte solution №1, the main changes in the dry friction coefficient are observed after 10,000 cycles, while the most pronounced changes occur after 15,000 cycles and consist of a sharp deterioration in the coefficient (see data in Figure 11a). At the same time, the most pronounced changes are observed for films obtained at potential differences of 2.0–3.0 V, in which the cubic phase of copper dominates, which has a fairly low resistance to degradation during wear resistance tests. In turn, phase transformations of the type Cu(Bi) → CuBi2O4, which occur at applied potential differences above 3.5 V (in the case of using electrolyte solution №1), lead to a decrease in the degradation of the dry friction coefficient in comparison with the initial values, which indicates an increase in the resistance of films to long-term mechanical influences (friction) in the case wherein the phase composition of the films is represented by the tetragonal CuBi2O4 phase, which has higher hardness values than copper coatings with partial substitution of copper by bismuth.



In the case of films obtained using solutions–electrolytes №2 and №3, changes in the dry friction coefficient occur after 15,000 consecutive tests, and the degradation of the coefficient is about 1.5–2.0 times, while the degradation of the dry friction coefficient for films obtained using solution–electrolyte №1 is more than 2.5–3.0 times in comparison with the initial data (see data in Figure 11a,b).



Thus, analyzing the obtained results of changes in the value of the dry friction coefficient, we can conclude that the formation of films with a phase composition presented in the form of a tetragonal CuBi2O4 phase leads to an increase in wear resistance and maintaining resistance to degradation during friction over a long number of cyclic tests, and in the case of partial substitution of copper with cobalt or nickel, an increase in wear resistance and a decrease in degradation of the film surface during tribological tests are observed.



Figure 10b shows the results of assessing the wear profile of the studied CuBi/CuBi2O4 films depending on the production conditions, as well as the electrolyte solutions used (with the addition of cobalt or nickel sulfates). These profiles were obtained after conducting tribological tests for resistance to friction, and the profiles themselves reflect changes in the resistance of films to mechanical degradation caused by external mechanical influences (in this case, friction).



According to the data obtained, it is clear that the greatest changes associated with the degradation of the film surface are observed for copper films (samples obtained using solution–electrolyte №1 at potential differences from 2.0 to 3.0 V). At the same time, the assessment of wear profiles (i.e., depth and width of the profile) for samples obtained using solution–electrolyte №1 indicates that an increase in the concentration of bismuth in the composition of the films leads to an increase in wear resistance, which also manifests itself for samples obtained from solutions–electrolytes №2 and №3 when their elemental composition changes (when copper is replaced by cobalt or nickel). Moreover, in the case of films obtained from solutions–electrolytes №2 and №3, the wear profiles have a significantly shallower depth, in comparison with similar profile data obtained for films synthesized using solution–electrolyte №1, which indicates their high resistance to external influences, in particular to the loss of sample mass during prolonged friction.



Based on the obtained data on changes in the dry friction coefficient, as well as wear profiles, the wear rate was calculated during tribological tests of the surface of films obtained from various solutions–electrolytes and when changing synthesis conditions (variations in the applied potential difference). The evaluation results are presented in Figure 12 in the form of a comparison chart.



According to the data obtained, the films obtained at an applied potential difference of 2.0 for all three types of solutions–electrolytes have the highest degradation rate (surface wear rate during life-long tribological tests), which is due to structural (in the case of films obtained from a solution–electrolyte №1, a high concentration of copper) or morphological features (in the case of films obtained from solution–electrolyte №3, an amorphous-like structure consisting of small grains), which leads to the accelerated degradation of films. Moreover, in the case when the concentration of cobalt or nickel in the film composition increases (when using solutions–electrolytes №2 and №3), as well as bismuth (when using a solution–electrolyte №1), a more than 2.0–2.5-fold decrease in the surface wear rate is observed, which is expressed in lower changes in the dry friction coefficient, as well as smaller wear profiles.



Thus, summing up the results of the measurements of the strength and tribological characteristics of the films under study, we can conclude that the substitution of copper with cobalt or nickel that occurs in the structure of the films leads to the possibility of obtaining high-strength wear-resistant films that are highly resistant to long-term mechanical influences.



Resistance to mechanical influences, in particular mechanical pressure, shock and friction, is one of the important parameters when using protective materials in real conditions. Thus, good wear resistance indicators allow for the use of these protective coatings during mechanical friction in the case when moving parts are used that can come into contact with each other during operation. In this case, high resistance to wear due to friction makes it possible to eliminate the factors of destruction of coatings during prolonged mechanical action, as well as to avoid the effects associated with a decrease in shielding efficiency in the case of partial or complete separation of coatings from the surface. Comparing the hardness values of the synthesized coatings with similar nitride (TiN) coatings obtained by magnetron sputtering [35,36] or by vapor deposition [37], they are approximately 1.5–2.0 times lower than the hardness of TiN coatings [36], and 7–10 times lower than coatings obtained by vapor deposition [37]. In comparison with carbide coatings [38,39], the hardness values of CuBi/CuBi2O4, Cu(Co)Bi2O4 and Cu(Ni)Bi2O4 films are also approximately 5–6 times lower. However, comparing wear resistance indicators determined from changes in the dry friction coefficient, we can conclude that the synthesized films under consideration have comparable wear resistance indicators to carbide and nitride coatings during long-term wear tests. This difference is due to the peculiarities of the coating production methods, as well as differences in the scope of application. As a rule, nitride coatings are used to protect against corrosion and degradation of steel structures, but do not have high shielding characteristics.




3.3. Determination of Gamma Ray Shielding Efficiency Using Different Films


To determine the shielding efficiency of gamma radiation with energies of 0.13, 0.66 and 1.23 MeV generated by Co57, Cs137, Na22 sources, respectively, five samples of CuBi/CuBi2O4 films obtained under different conditions were selected: Cu films with a low bismuth content, obtained from electrolyte solution №1 at an applied potential difference of 2.0 V, Cu(Bi) films with a bismuth content of about 20 at.%, obtained from an electrolyte solution at an applied potential difference of 3.5 V, CuBi2O4 films obtained from electrolyte solution №1 at a potential difference of 4.0 V, Cu(Co)Bi2O4 and Cu(Ni)Bi2O4 films obtained at an applied potential difference of 4.0 V from electrolyte solutions №2 and №3, respectively. Shielding experiments were carried out according to a standard scheme; the efficiency was assessed using the calculation formulas used in [40,41,42], which make it possible to obtain the values of the shielding characteristics of films, which were compared with the calculated values performed using the XCOM code, the simulation results of which are presented in Figure 13.



The general appearance of the presented dependences of the change in the mass attenuation coefficient indicates the presence of local absorption maxima and minima, characteristic of the structural features of the films, as well as their electronic structure. At the same time, the analysis of the obtained dependences showed high values of the absorbing (shielding) ability of the selected objects of study in the region of low energies of gamma quanta (less than 0.1 MeV), characteristic of the processes of interaction of gamma quanta through the mechanisms of the photoelectric effect. At the same time, no significant differences are observed in the energy region of more than 1 MeV, since in this region the dominant role is played by the processes of formation of electron–positron pairs, the formation of which is accompanied by the effects of the formation of secondary radiation. Also shown in Figure 10 is the dependence of the mass attenuation coefficient for lead, which has the maximum shielding efficiency for gamma radiation among all currently known protective shielding materials. As can be seen from a comparative analysis of the dependences of the mass attenuation coefficient for the films under study with data for lead, the most pronounced changes are observed for samples in the energy range of gamma radiation up to 1 MeV, where the processes of the photoelectric effect and the Compton effect dominate, while in the region of high-energy gamma quanta (with energy of more than 1.0 MeV), the dependences have almost the same range of values.



The assessment results of the shielding characteristics (mass and linear attenuation coefficient, half-attenuation thickness and mean free path) are presented in Table 2. The general appearance of the presented dependences of the shielding characteristics indicates the positive influence of phase transformations such as Cu(Bi) → CuBi2O4, as well as the substitution of copper with cobalt and nickel in the composition of Cu(Co)Bi2O4 and Cu(Ni)Bi2O4 films, which leads to an increase in the efficiency of shielding characteristics by more than 3.0–4.0 times when shielding gamma quanta with energies of 0.13 MeV in comparison with Cu films, which have minimal gamma-ray shielding efficiency indicators. In the case of shielding gamma rays with energies of 0.66 and 1.23 MeV, the difference in the efficiency of shielding characteristics in comparison with Cu films is about 1.5–2.0 times, which is due to differences in the mechanisms of interaction of gamma quanta with higher energies, which are accompanied by the formation of secondary radiation.



The data on alterations in shielding characteristics presented in Table 2 demonstrate that the addition of cobalt to films leads to an increase in MAC efficiency by 15–16% in comparison with CuBi2O4 films and about 30% in comparison with Cu(Bi) films. In the case of adding nickel to the film composition, the efficiency of MAS increases by 8–10% when compared with CuBi2O4 films and by about 21–22% when compared with Cu(Bi) films. Thus, it can be concluded that the addition of cobalt and nickel to the composition, which makes it possible to obtain films with the structure of Cu(Co)Bi2O4 and Cu(Ni)Bi2O4, results in an elevation in the shielding efficiency of the order of 10–20%. Moreover, these films have higher levels of mechanical strength and wear resistance to external influences, which together allows them to be used as protective coatings exposed to external mechanical influences, friction during use, etc.



Figure 14a presents the results of a comparative analysis of the experimentally determined values of the mass attenuation coefficient of the films selected as objects of study with the simulation results performed using the XCOM code. According to the data presented, there is good agreement between the experimental and calculated values of the mass attenuation coefficient (the difference is no more than 10%), which indicates that the obtained experimental values of the shielding characteristics reliably reflect the effectiveness of the synthesized films.



Figure 14b presents the results of the shielding efficiency (mass attenuation coefficient) of the films under study for all three types of gamma ray energy in comparison with the value of the mass attenuation coefficient of lead obtained from the simulation results using the XCOM code. As can be seen from the presented data, the synthesized CuBi2O4 films obtained from solution–electrolyte №1 at a potential difference of 4.0 V, Cu(Co)Bi2O4 and Cu(Ni)Bi2O4 films, have a shielding efficiency of the order of 0.8–0.9 of the value of the shielding characteristics of lead; however, the density of the films is significantly lesser than the density of lead, and as a result, the use of these films as shielding protective materials will reduce the weight and overall dimensions by reducing the weight of the shields, without losing shielding efficiency (the reduction in shielding efficiency when using these films will be no more than 10–20%). It is also worth to note that the use of the effect of replacing copper with cobalt or nickel in the composition of the tetragonal phase of CuBi2O4 leads to an increase in the shielding efficiency by 5–10% in comparison with samples of CuBi2O4 films without substitution, which also indicates the positive effect of using dopants to modify the resulting films.





4. Conclusions


In the course of the studies carried out using the X-ray diffraction method, results were obtained on changes in the phase composition of films with variations in synthesis conditions (differences in applied potentials) and changes in the compositions of solutions–electrolytes (with the addition of cobalt and nickel sulfates). In the case of using solution–electrolyte №1 (without any additives), a change in the applied potential difference leads to the initialization of phase transformation processes such as Cu(Bi) → CuBi2O4, which occur when the applied potential differences are above 3.0 V, as well as when the bismuth content in the films is about 20 at.% and higher. In this case, in the case of small applied potential differences (below 3.0 V), the dominance of the cubic copper phase was observed in the structure of the films, the change in the structural parameters for which indicates the processes of partial substitution of copper with bismuth (substitution or interstitial phase).



When using solutions–electrolytes №2 and №3 (addition of cobalt sulfate and nickel sulfate, respectively), the dominant phase in the film structure is the tetragonal CuBi2O4 phase, for which a change in the applied potential difference during film deposition leads to an increase in structural ordering, as well as a decrease in the crystal lattice parameters, indicating film densification. At the same time, analysis of these changes in the elemental composition of films when using solutions–electrolytes №2 and №3 indicates that the main changes are associated with the substitution of copper with cobalt or nickel (depending on the type of electrolyte solution used), the concentrations of which grow with an increase in the applied potential differences.



The results of studies of the strength and tribological characteristics of the synthesized films, depending on the conditions for their production, showed the following. It has been experimentally established that the addition of cobalt or nickel sulfates to the composition of solutions–electrolytes №2 and №3 leads to an increase in the strength of the resulting films from 20 to 80%, depending on the production conditions (with variations in the difference in applied potentials). In the course of determining the tribological characteristics, it was found that, when replacing copper with cobalt or nickel, depending on the type of solution–electrolyte used, as well as synthesis conditions (in the case of varying the difference in applied potentials), an increase in resistance to wear is observed, as well as a decrease in the wear profile, which indicates an increase in wear resistance and degradation to external mechanical influences. At the same time, alterations in the morphological features of CuBi/CuBi2O4 films depending on variations in synthesis conditions (changes in the electrolyte solution or the difference in applied potentials) do not lead to significant changes in the dry friction coefficient.



When determining the shielding efficiency of gamma radiation, it was found that replacing copper with cobalt or nickel in the composition of CuBi2O4 films leads to an increase in the shielding efficiency of low-energy gamma radiation by 3.0–4.0 times in comparison with copper films, and 1.5–2.0 times for high-energy gamma quanta. The efficiency decrease in this case is due to differences in the mechanisms of interaction of gamma quanta, as well as the occurrence of secondary radiation as a result of the formation of electron–positron pairs and the Compton effect. It was found that the use of the effect of substitution of copper with cobalt or nickel in the composition of the tetragonal phase of CuBi2O4 results in an elevation in the shielding efficiency by 5–10% in comparison with samples of CuBi2O4 films without substitution, which also indicates the positive effect of using dopants to modify the resulting films.
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Figure 1. Results of a comparative analysis of X-ray diffraction patterns of Cu(Bi)/CuBi2O4 films obtained at applied potential differences in the range from 4.0 to 5.0 V. 
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Figure 2. Results of X-ray diffraction of the studied samples of films obtained using the electrochemical deposition method with variation in the applied potential difference: (1) = 2.0 V, (2) = 2.5 V, (3) = 3.0 V, (4) = 3.5 V, and (5) = 4 V: (a) when using the electrolyte composition to obtain CuBi/CuBi2O4 films; (b) when using the electrolyte composition to obtain Cu(Co)Bi2O4 films; (c) when using the electrolyte composition to obtain Cu(Ni)Bi2O4 films. 
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Figure 3. Mapping results reflecting the isotropy of the distribution of elements in the composition of films synthesized under various conditions: (a) when using the electrolyte composition to obtain CuBi/CuBi2O4 films; (b) when using the electrolyte composition to obtain Cu(Co)Bi2O4 films; (c) when using the electrolyte composition to obtain Cu(Ni)Bi2O4 films (under the diffraction patterns are line diagrams of cards from the PDF-2 (2016) database). 
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Figure 4. Results of energy dispersive analysis of films: (a) when using the electrolyte composition to obtain CuBi/CuBi2O4 films; (b) when using the electrolyte composition to obtain Cu(Co)Bi2O4 films; (c) when using the electrolyte composition to obtain Cu(Ni)Bi2O4 films. 
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Figure 5. Results of the structural ordering degree of CuBi/CuBi2O4 films depending on variations in synthesis conditions. 
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Figure 6. Measurement results of UV–Vis transmission spectra of synthesized films: (a) when using the electrolyte composition to obtain CuBi/CuBi2O4 films; (b) when using the electrolyte composition to obtain Cu(Co)Bi2O4 films; (c) when using the electrolyte composition to obtain Cu(Ni)Bi2O4 films (data are shown on the same scale in order to compare the obtained spectra in terms of transmission intensity). 
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Figure 7. Three-dimensional images of the surface of the studied films: (a) when using the electrolyte composition to obtain CuBi/CuBi2O4 films; (b) when using the electrolyte composition to obtain Cu(Co)Bi2O4 films; (c) when using the electrolyte composition to obtain Cu(Ni)Bi2O4 films. 
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Figure 8. (a) Results of changes in the hardness of CuBi/CuBi2O4 films obtained under different production conditions; (b) Results of strengthening of synthesized CuBi/CuBi2O4 films obtained under different production conditions. 
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Figure 9. Results of a comparative analysis of factors of structural ordering and strengthening. 






Figure 9. Results of a comparative analysis of factors of structural ordering and strengthening.



[image: Crystals 14 00453 g009]







[image: Crystals 14 00453 g010] 





Figure 10. (a) Results of measurement of dry friction coefficient depending on the number of test cycles; (b) Results of evaluation of wear profile of film samples depending on their production conditions. 
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Figure 11. (a) Results of a comparative analysis of changes in the value of the dry friction coefficient before and after tribological tests; (b) Results of evaluation of changes in the dry friction coefficient after the tribological life tests compared to the initial value (this change reflects the dry friction coefficient degradation degree during the tests). 
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Figure 12. Results of film wear rate assessment during tribological tests. 
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Figure 13. Calculation results of the mass attenuation coefficient obtained using the XCOM program code (data on changes in the mass attenuation coefficient for lead are also given as an example). 
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Figure 14. (a) Results of a comparative analysis of the mass attenuation coefficient obtained experimentally and using the modeling method in the XCOM code; (b) Results of evaluation of the shielding efficiency of CuBi/CuBi2O4 films in comparison with the mass attenuation coefficient of Pb films obtained on the basis of calculated data using the XCOM program code. 
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Table 1. Crystal lattice parameters of the films under study in the case of using different solutions–electrolytes.
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Phase

	
When Using Solution–Electrolyte №1




	
Applied Potential Difference, V




	
2.0

	
2.5

	
3.0

	
3.5

	
4.0




	
Cu–Cubic (PDF-00-004-0836)

	
a = 3.6086 ± 0.0014 Å *

	
a = 3.6114 ± 0.0021 Å

	
a = 3.6148 ± 0.0017 Å

	
a = 3.6163 ± 0.0022 Å

	
-




	
CuBi2O4–tetragonal (PDF-01-071-5101)

	
-

	
-

	
-

	
-

	
a = 8.4607 ± 0.0026 Å,

c = 5.8022 ± 0.0025 Å




	
Phase

	
When Using Solution–Electrolyte №2




	
Applied Potential Difference, V




	
2.0

	
2.5

	
3.0

	
3.5

	
4.0




	
CuBi2O4–tetragonal (PDF-01-071-5101)

	
a = 8.4292 ± 0.0023 Å,

c = 5.7072 ± 0.0021 Å

	
a = 8.4359 ± 0.0016 Å,

c = 5.6926 ± 0.0023 Å

	
a = 8.4325 ± 0.0015 Å,

c = 5.6758 ± 0.0024 Å

	
a = 8.4258 ± 0.0023 Å,

c = 5.6713 ± 0.0022 Å

	
a = 8.4191 ± 0.0017 Å,

c = 5.6668 ± 0.0022 Å




	
Phase

	
When Using Solution–Electrolyte №3




	
Applied Potential Difference, V




	
2.0

	
2.5

	
3.0

	
3.5

	
4.0




	
CuBi2O4–tetragonal (PDF-01-071-5101)

	
a = 8.4738 ± 0.0024 Å,

c = 5.8226 ± 0.0022 Å

	
a = 8.4622 ± 0.0026 Å,

c = 5.8124 ± 0.0023 Å

	
a = 8.4572 ± 0.0023 Å,

c = 5.8069 ± 0.0015 Å

	
a = 8.4456 ± 0.0024 Å,

c = 5.7965 ± 0.0018 Å

	
a = 8.4373 ± 0.0022 Å,

c = 5.7908 ± 0.0014 Å








* parameter refinement was carried out by application of a method based on comparing the position of experimentally obtained diffraction patterns with the data of reference values taken from the PDF-2 (2016) database.













 





Table 2. Data on the shielding characteristics of the thin film samples under study.
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Sample Type

	
Shielding Parameter for Gamma Rays with an Energy of 0.13 MeV (Co57)




	
MAC, cm2/g

	
LAC, cm−1

	
∆1/2, cm−1

	
MFP, cm






	
Cu *

	
0.39

	
3.47

	
0.20

	
0.29




	
Cu(Bi)

	
1.42

	
11.84

	
0.06

	
0.08




	
CuBi2O4

	
1.59

	
13.63

	
0.05

	
0.07




	
Cu(Co)Bi2O4

	
1.85

	
16.01

	
0.04

	
0.06




	
Cu(Ni)Bi2O4

	
1.73

	
14.93

	
0.05

	
0.07




	
Sample Type

	
Shielding Parameter for Gamma Rays with an Energy of 0.66 MeV (Cs137)




	
MAC, cm2/g

	
LAC, cm−1

	
∆1/2, cm−1

	
MFP, cm




	
Cu

	
0.067

	
0.60

	
1.16

	
1.68




	
Cu(Bi)

	
0.075

	
0.63

	
1.11

	
1.61




	
CuBi2O4

	
0.105

	
0.90

	
0.77

	
1.11




	
Cu(Co)Bi2O4

	
0.113

	
0.98

	
0.71

	
1.02




	
Cu(Ni)Bi2O4

	
0.111

	
0.96

	
0.72

	
1.04




	
Sample Type

	
Shielding Parameter for Gamma Rays with an Energy of 1.23 MeV (Na22)




	
MAC, cm2/g

	
LAC, cm−1

	
∆1/2, cm−1

	
MFP, cm




	
Cu

	
0.039

	
0.35

	
2.01

	
2.88




	
Cu(Bi)

	
0.048

	
0.40

	
1.73

	
2.51




	
CuBi2O4

	
0.052

	
0.45

	
1.56

	
2.24




	
Cu(Co)Bi2O4

	
0.058

	
0.50

	
1.38

	
1.99




	
Cu(Ni)Bi2O4

	
0.054

	
0.47

	
1.49

	
2.15








* Values are given to reflect the low efficiency of using Cu films as protective shielding materials.
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