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Abstract

:

The surface of ceramic products manufactured using diamond grinding is replete with shallow scratches, deep grooves and other defects. The thickness of the defective layer amounts to 3–4 µm and it must be removed to increase wear resistance of the products when exposed to intense thermomechanical loads. In this study, removal of the defective layers from samples made of ZrO2, Al2O3 and Si3N4 with a beam of fast argon atoms was carried out with a stripping rate of up to 5 µm/h. To prevent contamination of the source of fast argon atoms by the sputtered dielectric material, the beam was compressed and passed to the sample through a small hole in a wide screen. Due to the removal of the defective layer, abrasive wear decreased by an order of magnitude and the adhesion of coatings deposited on the cleaned ceramic surfaces improved significantly.
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1. Introduction


In the past decade, the share of ceramic materials used in the manufacturing of the most important engineering products—bearing parts and automotive components, elements of aircraft engines, rocket and space technology, drawing and cutting tools—has increased significantly. This is due to success in the development of ceramic materials, obtaining high-quality initial powders, the possibility of choosing the best compositions of powders, the emergence of new sintering technologies and the optimization of their key parameters, which ensure the production of ceramic blanks that are distinguished by a high density, hardness, heat resistance and low intensity of the adhesive setting with most structural steels and alloys [1,2,3].



However, the spread of ceramic materials in industry is hindered by the insufficient reliability of the ceramic parts (large scatter of mean time between failures). This drawback is especially pronounced when combined with increased thermal and mechanical loads, as well as when the ceramic surface is exposed to cyclic loads. With such a nature of operational loads, the loss of the working state of ceramic parts can occur at various stages of their operation—both during the running-in period and at the stage of stable wear. This is due to a number of reasons—the inhomogeneity of the structure of ceramic materials inherent in their nature, and technological defects present in the surface layer of ceramic parts, which can be formed in the process of diamond grinding (shaping) of sintered ceramic blanks.



With a complex thermomechanical effect on a ceramic workpiece during diamond grinding, the removal of the surface layer to the required depth occurs as a result of creating stresses in it, the level of which exceeds the material fracture stress. After grinding, a characteristic stress state is formed in the surface layer of ceramic products—significant compressive stresses are observed on the surface [4,5], after which the stresses sharply decrease and are replaced by tensile stresses, which then gradually decrease and stabilize already at depth. In addition, as a result of the impact action of diamond grains, as well as the local plastic deformation that occurs during high-speed heating of the surface areas of ceramics and their rapid cooling, the surface of ceramic parts has a specific relief, including a set of defects—grooves with longitudinal cracks, tearing of single grains and their conglomerates, microprotrusions, etc.



These defects are stress concentrators, which, when exposed to intense thermomechanical loads during operation, lead to accelerated micro- and macro-destruction of contact surfaces, which reduces the wear resistance of ceramic parts and hinders the use of promising ceramic materials in mechanical engineering. Therefore, increasing the wear resistance of the surface layer of ceramic parts under the influence of increased thermomechanical loads is currently an urgent task that requires the development of new scientifically based technological approaches and solutions.



An obvious solution for increasing the wear resistance of the surface layer of ceramic parts could be deposition of wear-resistant coatings, such as TiAlN, CrAlN, TiZrN, TiCN, DLC, etc. The application of these nitride and diamond-like coatings to metallic parts due to an increase in microhardness and a decrease in frictional and adhesive interaction on the contact pads makes it possible to ensure high operational stability and increase wear resistance by an average of three times [6,7]. At the same time, the application of similar coatings to ceramic parts demonstrates a maximum achieved effect of about 1.6–1.8 times for oxide–carbide ceramics.



Obviously, the impossibility of fully realizing the potential of wear-resistant coatings deposited on ceramic parts is mainly due to the defective state of the surface that occurs after diamond grinding. High efficiency cannot be expected from a thin coating deposited on a defective layer. Previously, it was believed that the coating was able to “heal” surface defects by filling them [8]. Practice shows that a coating with a thickness of not more than 4 µm (a coating of greater thickness flakes off from ceramic samples) is only able to partially level surface defects—it is able to fill in small scratches or grain chips, but does not allow leveling deep grooves and filling voids from torn grains [9].



To eliminate or minimize the presence of a defective layer, precision finishing or polishing could be used. This would create a favorable basis for the coating’s formation. Of course, before the precision finishing, the surface roughing is needed—stripping of the defective layer with a thickness of 2–4 µm.



For removing the surface layer of a part, the chemical method based on the use of various acid solutions is widely used. The part is placed in acid to dissolve the surface layer. The use of hazardous chemicals imposes additional safety precautions and increases the risk of industrial accidents. The disposal of used solutions is one of the main problems of this method. Chemically stripped samples may have a roughness similar to that of the initial material [10,11]. The disadvantages of chemical methods are long stripping times and large volumes of toxic waste [12]. These problems can be resolved using electrochemical dissolution, which is both faster and safer for the environment [13].



For rapid and high-quality removal of the surface layer, a pulsed laser beam can be used. Laser stripping is a more ecologically friendly, effective method [14]. However, the laser removal of the surface layer demonstrates a quite uneven surface of treated samples. One of the reasons is a small value of the laser spot diameter, ~0.1 mm. Melting and evaporation at subsequent points of the sample result in a wavy surface with a wave length comparable with the laser spot diameter. To avoid this, acting on the surface with a broad beam of uniformly distributed particles is needed. The particles might be accelerated ions or fast neutral atoms.



There exist a lot of ion sources, which produce beams with circular cross-sections [15]. The beam diameter can amount to 38 cm [16] or even reach 50 cm [17]. The plasma emitter of ions is produced in a gas discharge chamber with thermionic cathodes. Ions are accelerated from the emitter by an ion optical system consisting of two or three parallel grids. The ion beam current can reach several amperes at the ion energy up to several keV.



The sources with thermionic cathodes cannot produce ions of reactive gases. Therefore, ion sources with plasma emitters generated in a gas discharge with a cold hollow cathode were developed [18,19]. As the positive ions are able to charge the surface of any samples under processing and sometimes provoke undesirable defects in the superficial layer, it is reasonable to use sources of fast neutral atoms [20,21,22] instead of ion sources.



The fast neutral atoms appear due to charge exchange collisions of accelerated ions with gas atoms. For instance, at room temperature and a gas pressure of p = 0.2 Pa, the mean free path λ of argon atoms is equal to 0.04 m [23]. And the mean free path λc of argon ions between charge exchange collisions amounts to ~0.1 m at the ion energy from 0.5 to 6 keV [24,25]. It means that the number of elastic collisions between argon atoms exceeds the number of their charge exchange collisions with accelerated ions by two or three times. However, this does not prevent fast atoms from efficiently sputtering the sample at a rate proportional to their energy and flux density on the sample surface. The sputtering rate is an important parameter that determines the applicability of fast atoms for the defective layer removal.



From a practical point of view, the processing time should not exceed the time of ~10–20 min needed to evacuate a working vacuum chamber after loading the sample therein. Therefore, to remove the defective layer with a thickness of 3 μm within 20 min, the etching rate should be about 10 μm/h.



Another important factor is the reliability of the source of fast argon atoms at high etching rates of dielectric materials. When removing a 3-μm-thick surface layer from a dielectric ceramic sample with an area comparable with that of the accelerating grid of the beam source, the flow of sputtered dielectric material is moving toward the grid. Deposition of dielectric films on the grid and other electrodes causes electric breakdowns and failure of the beam source. In this work, a new type of fast-atom beam source was proposed, which made it possible to protect the electrodes of the source from impurities and prevent electrical breakdowns. This made it possible to remove fairly thick defective layers from dielectric ceramic samples and to study the effect of the removal on characteristics of the sample surface and wear-resistant coatings applied to it.




2. Materials and Methods


2.1. Experimental Setup


To conduct experiments on the removal of a defective surface layer, rectangular samples were produced from sintered ceramic blanks (based on ZrO2, Al2O3 and Si3N4) subjected to diamond grinding. The sample length and width were equal to 16 mm and their thickness amounted to 8 mm. They were processed using a setup presented in Figure 1.



The setup comprises a 50-cm-high, 40-cm-wide and 30-cm-long rectangular vacuum chamber equipped with a beam source of fast argon atoms. Inside a grounded cylindrical housing of the beam source is mounted a 30-cm-diameter and 25-cm-long hollow cathode. Its output orifice is covered with a 20-cm-diameter concave grid. The radius of the grid surface curvature amounts to 20 cm.



Positive poles of a gas discharge power supply and an accelerating voltage power supply are connected to an anode mounted inside the hollow cathode. The negative pole of the gas discharge power supply is connected to the hollow cathode and the negative pole of the accelerating voltage power supply is connected to the grid. Through a resistor, the grid is connected to the vacuum chamber.



Opposite the grid is a screen passing through the focal point of the grid. The screen is made of a 1-mm-thick titanium sheet and has a 1-cm-diameter hole in the center. It is attached to the housing of the beam source where the hole is located in the focal area of the grid. At a distance of 15 cm from the screen is positioned a holder of the samples. It can hold up to seven samples facing the screen and arranged vertically. The holder is attached to a removable flange at the top of the chamber for loading samples into it. The samples are fixed on the holder outside the chamber, then the flange is installed in place and the chamber is evacuated.



The working gas is injected into the hollow cathode. Through the hole of the screen, it passes into the working vacuum chamber and is pumped out from the chamber through a 20-cm-diameter pumping channel on the opposite wall of the chamber.



On the left and right walls of the chamber, there are two magnetron targets made of titanium diboride. The height of the targets is equal to 16 cm and their width is equal to 8 cm.



A quartz window on the top of the chamber allows in situ measuring of the temperature of the samples with an infrared pyrometer. There is a sliding shutter that prevents deposition of metal films on the window. A solenoid is installed outside the housing of the beam source to create inside the hollow cathode an axial magnetic field.



When at the gas pressure of 0.2 Pa, the discharge power supply and the accelerating voltage power supply are switched on, and the hollow cathode is filled with a glow discharge plasma. Ions accelerated between the plasma and the grid fly through the grid holes toward the screen. Their energy is defined with the difference between the potential of plasma filling the hollow cathode, which is equal to the accelerating voltage U, and the potential of plasma filling the chamber, which is close to the chamber potential. Hence, the energy of ions passed through the grid amounts to Ei = eU, where e is the electron charge. When colliding with gas atoms, accelerated ions transfer to them electrical charges and turn into fast neutral atoms without changing their energy and direction of movement. Charge exchange collisions result in the appearance of slow ions. Neutralization of their charges by electrons emitted by the chamber and the screen leads to the formation of a secondary plasma on both sides of the screen.



The slow ions move to the chamber walls and the screen connected to the chamber. Their current through the resistor induces a negative voltage of 100–200 V on the grid, thus preventing electrons of the secondary plasma from entering the hollow cathode of the beam source.



Taking into account that at a pressure of 0.2 Pa, the gas density is equal to no = 5 × 1019 m−3 [23] and the charge exchange collision cross-section of argon ions with 4 keV energy is equal to σc = 2 × 10−19 m2 [24,25], we obtain for the mean free path of argon ions between the charge exchange collisions λc = 1/noσc = 0.1 m. Since the distance of 0.2 m between the grid and the screen hole is two times greater, we may believe that most of the ions that passed through the screen hole are already converted into fast argon atoms.



The inner surface area of the hollow cathode is Sc = 4500 cm2 and at a current of Ic = 2 A in the cathode circuit, the ion current density on its surface is equal to ji = Ic/Sc = 2000/4500 = 0.44 mA/cm2. Taking into account a high plasma homogeneity in the hollow cathode glow discharge [26], we may believe that the current density of ions accelerated from the plasma toward the grid has the same value. At the grid surface area of Sg = 850 cm2 and transparency of η = 0.75, the current of accelerated ions moving from the grid toward the screen hole is equal to η ji Sg = 0.28 A. The power transported by fast argon atoms with an energy of 4 keV is 0.28 × 4 = 1.12 kW.



To determine the distribution along the sample holder of the etching rate by fast atoms, a 16-cm-long, 2-cm-wide and 2-mm-thick titanium target was vertically fastened to the holder. The target surface facing the screen was polished and covered with a 16-cm-long, 1-cm-wide and 1-mm-thick titanium mask. After a 1-h-long etching with 4 kV argon atoms, the titanium target was taken from the chamber and the mask was removed from its surface. Using a Dektak XT stylus profilometer by Bruker Nano, Inc. (Billerica, MA, USA), the height of the step between the target surface covered with the mask and its open surface subjected to etching with fast argon atoms was measured. Line 1 in Figure 2 presents dependence of the step height δ on the distance x from the target center. It shows that δ is the maximum at the center of the target at x = 0 and is decreasing at the ends of the target at x = −8 cm and x = 8 cm. The reason for the unevenness of the etching rate may be an increase in the angle of incidence of fast argon atoms arriving at the target from the screen hole with increasing distance x to the target center (see Figure 1).



The flux density distribution of fast atoms became more uniform in the presence of the magnetic field in the hollow cathode. Before installing on the setup, at a direct current of Is = 1 A through the solenoid, the maximum magnetic inductance on its axis was measured using a teslameter PIE.MG R-2 (Mayak-2M) produced by ZAPADPRIBOR LLC, Moscow, Russia. It was found to be equal to 0.002 T. Line 2 in Figure 2 shows the distribution of the step height δ on another target etched with 4 kV argon atoms for 1 h at the hollow cathode current of Ic = 2 A and the solenoid current of Is = 3 A. It shows that in this case, the maximum step height δ is shifted to the ends of the target.



It is due to the magnetic field action on the electrons emitted by the cylindrical surface of the hollow cathode. After acceleration in the cathode sheath to the energy Ee = eUc, where Uc ~ 400 V is the cathode fall of potential, they are deflected in the magnetic field and forced to return to the cathode sheath. In the sheath, electrons are reflected to plasma and then again return to the sheath. The maximum distance of the electrons from the cathode surface amounts to their Larmor radius, RL = (2mε)1/2/eB, where m and e are the mass and charge of electrons, ε is their energy and B is the induction of the magnetic field. When the energy is measured in eV, then RL(m) = 3.37 × 10−6 [ε(eV)]1/2/B(T).



For instance, at the solenoid current of Is = 3 A, the induction B = 0.006 T and ε = 400 eV, the RL = 1.12 cm. The electrons emitted by the cylindrical surface of the hollow cathode are confined in the 1.12-cm-thick layer adjacent to this surface. This increases the ionization intensity in this layer, the current density of accelerated ions at the periphery of the grid and the etching intensity at the ends of the target. Reducing the solenoid current to Is = 1.7 A led to a fairly uniform etching of the target (line 3 in Figure 2).



Thus, the developed source of fast argon atoms, equipped with a screen that prevents the deposition of sputtered dielectric material on its accelerating grid, ensures fairly uniform etching of samples with a diameter comparable to the diameter of the grid. The sputtering rate of the titanium target is 3.5 µm/h at a distance of 15 cm between the sample holder and the screen. Reducing the distance to 7.5 cm should increase the etching rate to 14 µm/h. Thus, this source is suitable for removing defective surface layers from dielectric ceramic samples.




2.2. Characterization of the Samples


A Calotest instrument produced by CSM Instruments (Alpnach, Switzerland) was used for characterization of the abrasion resistance of the ceramic samples.



For in situ measuring of the sample temperature, an infrared pyrometer, IMPAC IP 140 (LumaSense Technologies GmbH, Frankfurt am Main, Germany), was used.



Characterization of the coating adhesion was performed using a Nanovea M1 Hardness and Scratch Tester produced by Nanovea Inc. (Irvine, CA, USA).



The elemental analysis of sample material was provided by a VEGA3 LMH scanning electron microscope (Tescan, Brno, Czech Republic).



The profilograms of the sample surface were obtained using the HOMMEL TESTER T8000 high-precision profilograph–profilometer produced by the company Hommelwerke GmbH (JENOPTIK Industrial Metrology Germany GmbH, Jena, Germany).



The roughness of the sample surface was evaluated using a Dektak XT stylus profilometer manufactured by Bruker Nano, Inc. (Billerica, MA, USA).





3. Results


3.1. Removal of Defective Surface Layer


Before experiments, every sample was ultrasonically cleaned in acetone. Using a profilometer Dektak XT, the roughness of the sample surface was measured. Figure 3 presents profilograms of the manufactured samples of three dielectric ceramics: silicon nitride, zirconium oxide and aluminum oxide.



To measure the thickness of the surface layer removed from the sample by fast argon atoms, a part of the sample surface was covered with a mask before treatment. The mask was a 5-mm-wide titanium strip pressing the sample to the holder with two screws. After a silicon nitride sample with a mask was fastened in the middle of the holder, the vacuum chamber was pumped down and argon was introduced to the hollow cathode, thus increasing the gas pressure to 0.2 Pa.



Having turned on the power supplies, a current in the hollow cathode circuit of Ic = 2 A, an accelerating voltage of U = 4 kV and a solenoid current of Is = 1.7 A were established. This led to the appearance of a faint glow of secondary plasma in the chamber, visible through the quartz window. The window made it possible to measure the sample temperature using an infrared pyrometer. A total of 10 min after turning on the source of fast argon atoms, the sample temperature increased to 450 °C. After etching the sample for 1 h, it was cooled in a vacuum and removed from the chamber. The height of the step between the sample surface covered with the mask and its open surface measured with the Dektak XT stylus profilometer was equal to 1.6 µm. Hence, the sample etching rate amounted to 1.6 µm/h. When an aluminum oxide sample with a mask was fastened in the middle of the holder and etched for 1 h with fast argon atoms at the same current in the hollow cathode circuit of Ic = 2 A, accelerating voltage U = 4 kV and solenoid current Is = 1.7 A, measurements yielded the etching rate of 2.3 µm/h. When a zirconium dioxide sample was treated, the etching rate amounted to 3 µm/h.



After etching the ceramic samples for 1 h, their surface roughness decreased only slightly: from Ra = 0.105 µm to Ra = 0.095 µm for Si3N4 and from Ra = 0.122 µm to Ra = 0.114 µm for ZrO2 (see Table 1).



A more noticeable decrease from Ra = 0.304 µm to Ra = 0.252 µm was observed for Al2O3. This can be explained by the approximately three times greater initial roughness of the Al2O3 sample compared to the ZrO2 and Si3N4 samples.



When polishing any material with a beam of ions or fast neutral atoms, the rate of the decrease in roughness falls down as the magnitude of the roughness diminishes. Therefore, it takes too much time to achieve a record low roughness of Ra ~ 0.001 µm. The rate of decrease in roughness for the Al2O3 sample would be close to that of ZrO2 and Si3N4 samples when its roughness would be close to their roughness of Ra ~ 0.1 µm.



Despite a long time taken to treat the dielectric samples, no failure of the fast atom source occurred. This is due to protection of the accelerating grid with a screen, preventing deposition of dielectric films and electrical breakdowns on its surface.




3.2. Deposition of Wear-Resistant Coatings


After attaching the second zirconium dioxide sample and its mask to the holder, they were first cleaned with fast argon atoms for 5 min. During the cleaning process, the sample was heated by fast argon atoms to 400 °C. Then, the magnetron power supplies were turned on, the current in the hollow cathode circuit was reduced to Ic = 0.5 A and the accelerating voltage was reduced to U = 1 kV. At stabilized currents of 2 A in the circuits of both magnetron targets, a TiB2 wear-resistant coating was deposited on the silicon nitride sample for 1 h. During the deposition process, the growing coating was continuously bombarded by fast atoms with an energy of 1 keV. When removing the sample from the chamber and removing the mask from its surface, measuring the height of the step between the masked and coated areas of the surface gave a step height of δ = 2.5 μm and a coating deposition rate of 2.5 μm/h. Since the original surface of the sample is replete with defects, a coating thickness of 2.5 µm is not enough to level them out (Figure 4(Aa)).



The third zirconium dioxide sample was subjected to combined treatment. First, it was etched for 2 h with fast argon atoms at the current in the cathode circuit of Ic = 2 A and the accelerating voltage of U = 4 kV. Immediately after etching, a wear-resistant TiB2 coating was applied to the zirconia sample for 1 h. As the thickness of the stripped surface layer of 6 µm exceeds that of the defective layer ~2–4 µm, no defects can be seen on the coated surface (Figure 4(Ba)).



The samples made of Al2O3 and Si3N4 ceramics were subjected to the same treatment. First, they were etched for 2 h with fast argon atoms at the current in the cathode circuit of Ic = 2 A and the accelerating voltage of U = 4 kV. Immediately after etching, a wear-resistant TiB2 coating was applied to the samples for 1 h. As appreciation for the thickness of the surface layers removed for 2 h from Al2O3 and Si3N4 gives, respectively, 1.6 × 2 = 3.2 µm and 2.3 × 2 = 4.6 µm, no appreciable defects are seen on SEM images of samples coated with TiB2 after removal of the surface layers.




3.3. Abrasion Resistance and Wear of Ceramic Samples


For characterization of the sample’s abrasion resistance, a Calotest instrument was used. Figure 5 shows dependencies of the abrasion volume V on the test time t for three ceramic materials.



A rotating ball was placed on the sample with a load of 0.2 N and into the contact zone an abrasive suspension was fed. Abrasive particles in the contact zone and applied external force led to local abrasion of the sample surface. The rotating ball produces on the sample surface a spherical wear notch. The notch diameter D was measured using an optical microscope. When D is much smaller than the ball radius R, the volume of worn material is equal to V = π∙D4/64R.



Figure 6 presents dependencies on the test time of the abrasion volume for zirconium dioxide samples before treatment (1), after deposition of 2.5-µm-thick TiB2 coating (2) and a sample coated with TiB2 after removal from it of a 6-μm-thick surface layer (3). They demonstrate that due to removal of the defective layer and deposition of wear-resistant coating, the abrasive wear diminished by an order of magnitude.



Figure 7 presents dependencies on the test time of the abrasion volume for aluminum oxide samples before treatment (1), after deposition of 2.5-µm-thick TiB2 coating (2) and a sample coated with TiB2 after removal of the defective surface layer (3). They show that due to the layer removal and wear-resistant coating deposition, the abrasive wear diminished significantly.



Figure 8 shows dependencies on the test time of the abrasion volume for silicon nitride samples before treatment (1), after deposition of 2.5-µm-thick TiB2 coating (2) and a sample coated with TiB2 after removal of the 3.2-μm-thick surface layer (3).



They show that due to removal of the defective layer and deposition of wear-resistant coating, the abrasive wear diminished significantly.



The coating adhesion was evaluated using a Nanovea M1 Hardness and Scratch Tester. The first critical load leading to first cracks on the TiB2 coating and appearance of acoustic emission was equal to Lc1 = 14 N for the Si3N4 sample coated without stripping its defective surface layer. For the Si3N4 sample coated with TiB2 after removal from its surface of the defective layer by argon atoms with an energy of 4 keV, it amounted to Lc1 = 27 N. The adhesion improvement is the result of the surface defect removal. About the same improvement in TiB2 coating adhesion was also observed for Al2O3 and ZrO2 samples.





4. Discussion


The adhesion of wear-resistant coatings applied to ceramic parts is very poor and cannot provide an increase in their service life. This is because of defects in the surface layer of ceramic parts, which are formed in the process of their production by means of diamond grinding (shaping) of sintered ceramic blanks. After the grinding, the surface is replete with shallow scratches, deep grooves and other defects. The thickness of the defective surface layer can reach 2–4 µm and the obvious solution to the problem is to get rid of it. For this purpose, a surface layer should be removed from the ceramic part with a thickness of 4–6 µm, which exceeds the defective layer thickness.



When machining, the removal of the surface layer with the required thickness occurs as a result of creating stresses in it, the level of which exceeds the material fracture stress. As a result of local plastic deformation that occurs during high-speed heating of ceramic surface areas and their rapid cooling, the surface of ceramic parts acquires a set of new defects. Therefore, mechanical processing is not suitable for removing the defective surface layer from ceramic parts.



The above results demonstrate the possibility of the defective layer removal by fast argon atoms. As the dielectric samples are opposite to the accelerating grid of the fast atom source, all sputtered atoms of the sample material deposit on the grid and other electrodes of the source. Dielectric films on the electrodes provoke electrical breakdowns, leading to failure of the source. For this reason, arc-quenching power supplies are used in this case. When a cathode spot of a vacuum arc appears on the electrode, the voltage is automatically turned off for approximately 1 ms, the cathode spot disappears and the voltage is turned on again.



Arc spots are essentially explosions on the electrode surface, cleaning it of dielectric deposits. The arc-quenching power supplies are dependent on the frequency of the cathode spot appearance, which grows with flow density to the accelerating grid of sputtered sample atoms. At a frequency exceeding some threshold, the actual voltage value becomes less than the one set on the control panel. This is inevitable for all kinds of broad beam sources. In the present study, the broad beam was transformed to a focused beam able to pass through a small hole in a broad screen, protecting the grid surface against dielectric deposits. The transformation was possible thanks to the concave shape of the accelerating grid and charge–exchange collisions of accelerated ions with gas atoms on the way from the accelerating grid to the hole in the protective screen. As the accelerated particles passing through the hole had no electrical charges, they easily passed through the hole without changing directions of their movement.



Sputtering targets with a length comparable with the diameter of the accelerating grid showed (Figure 2) that the sputtering rate is slightly decreasing with the distance from the target center. The reason for the sputtering rate decrease may be an increase in the angle of incidence of fast argon atoms arriving at the target from the screen hole with an increasing distance x to the target center.



To level out the sputtering rate distribution, an axial magnetic field inside the hollow cathode was produced using a solenoid (see Figure 1). Due to the magnetic field action, the electrons emitted by the cylindrical surface of the hollow cathode and accelerated in the cathode sheath are deflected in the magnetic field and forced to return to the cathode sheath. In the sheath, electrons are reflected back to plasma and then again return to the sheath. The maximum distance of the electrons from the cathode surface amounts to their Larmor radius depending on their energy ε and the induction of magnetic field B.



For instance, at the solenoid current of Is = 3 A, inductance B = 0.006 T and ε = 400 eV, the RL = 1.12 cm. The electrons emitted by the cylindrical surface of the hollow cathode are confined in the 1.12-cm-thick layer adjacent to this surface. This increases the ionization intensity in this layer, the current density of accelerated ions at the periphery of the grid and the etching intensity at the ends of the target. Reducing the solenoid current to an optimal value of Is = 1.7 A led to a fairly uniform etching of the target.



Etching ceramic samples only slightly reduced their surface roughness and significantly increased the adhesion of subsequently applied coatings. Removal of the defective layers and deposition of wear-resistant coatings increased the abrasive resistance of ceramic samples by an order of magnitude.




5. Conclusions


Protection of the accelerating grid of the fast atom beam source by a broad screen with a small hole allowing all fast atoms to pass through the hole prevents deposition of dielectric films and electrical breakdowns, leading to the beam source failure.



The results obtained with the long-lived source of fast argon atoms proved that fast argon atoms are suitable for stripping defective surface layers from ceramic parts.



Removal of defective layers from ceramic parts considerably increases their abrasion resistance.



Etching the ceramic samples with fast argon atoms slightly decreases their surface roughness and noticeably increases the adhesion of wear-resistant coatings deposited after the etching.



Due to removal of the defective layer and deposition of wear-resistant TiB2 coating, the abrasive wear of Al2O3, Si3N4 and ZrO2 samples greatly diminishes.
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Figure 1. Experimental setup for stripping defective layers from dielectric ceramic samples. 
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Figure 2. Dependence of the step height δ on the target surface on distance x from the target center at solenoid current Is = 0 (line 1), 3 A (line 2) and 1.7 A (line 3). 
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Figure 3. Profilograms of the sample surfaces before etching with fast argon atoms. 
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Figure 4. SEM images of samples made of ZrO2 (a), Al2O3 (b) and Si3N4 (c) coated with TiB2 before (A) and after removal of defective surface layers (B). 
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Figure 5. Abrasion volume versus the test time for ceramic samples before treatment. 
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Figure 6. Dependence of the abrasion volume V on the test time t for ZrO2 sample before treatment (1), for ZrO2 sample with TiB2 coating (2) and for ZrO2 sample coated with TiB2 after removal of 6-µm-thick layer from its surface (3). 
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Figure 7. Dependence of the abrasion volume on the test time for Al2O3 sample before treatment (1), after deposition of TiB2 coating (2) and for Al2O3 sample coated with TiB2 after removal of 4.6-µm-thick layer from its surface (3). 
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Figure 8. Dependence of the abrasion volume on the test time for Si3N4 sample before treatment (1), after deposition of TiB2 coating (2) and for Si3N4 sample coated with TiB2 after removal of 3.2-µm-thick layer from its surface (3). 
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Table 1. Roughness of ceramic samples before and after etching by fast argon atoms.
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	The Sample Material
	ZrO2
	Al2O3
	Si3N4





	Roughness of the sample before etching, Ra (μm)
	0.122
	0.304
	0.105



	Roughness of the sample after etching, Ra (µm)
	0.114
	0.252
	0.095
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