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Abstract

:

Electropolishing of metal surfaces is a benign alternative to mechanical treatment. Ionic liquids are considered as green electrolytes for the electropolishing of metals. They demonstrate a number of advantages in comparison with acid aqueous solutions and other methods of producing smooth or mirror-like surfaces that are required by diverse applications (medical instruments, special equipment, implants and prostheses, etc.). A wide window of electrochemical stability, recyclability, stability and tunability are just a few benefits provided by ionic liquids in the title application. An overview of the literature data on electropolishing of such metals as Ti, Ni, Pt, Cu, Al, U, Sn, Ag, Nb, stainless steel and other alloys in ionic liquids is presented.
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1. Introduction


Anodic treatment is one of the most effective methods used in the finishing of metals and alloys to achieve a mirror-like state of the metal surface. The result of this process depends on a number of factors, including the properties and composition of metal and electrolyte, temperature, voltage, current density, time, and others [1,2,3,4,5,6,7].



There are various industrial applications requiring a particular quality of the metallic surface. Anodization results in different types of changes to the metal surface, such as etching, pitting, deflashing, passive film formation, nanostructure self-organization, deburring, trimming, smoothing and so on.



Anodization of metals and alloys has been studied in detail in aqueous solutions of various electrolytes [8]. However, water is electrochemically active at potentials of discharge of the majority of metals and can also take part in electrode reactions. On the other hand, ionic liquids [9] (IL) demonstrate larger electrochemical windows and are already used as electrolytes in medicine and industry [10].



Despite the essential advantages of ionic liquids and the growing number of their applications in electrochemical processes (e.g., for electrochemical polishing of metals and alloys), comprehensive review of the features, characteristics and chemical mechanisms of electropolishing in ionic liquids is lacking. This work is aimed at the overview of recent investigations summarizing challenges and conditions of the employment of the ionic liquids based on organic cations in the electrochemical polishing of metals and alloys.




2. Electropolishing Mechanisms


The light reflectance of the surface is known to be the immanent property of any metal. The majority of metals are strong reductive agents. Metals exposed to environmental molecular oxygen, water vapor, carbon dioxide, and so on form superficial oxides, hydroxides, nitrides, and salts, diminishing the reflectivity. The metal surface becomes dull due to the superficial films of these compounds. The tarnish of the metal surface is determined by both the properties and thickness of the superficial films. A film-free surface of the metal, for example, after mechanical treatment (abrasion), also reflects visible light well enough. The high reflectance of the mechanically polished metal surface is due to a great difference between the linear sizes of the superficial defects (< 1–10 nm) and the wavelength of the visible light (400–800 nm) [11,12]. When the wavelength of the visible light is near or greater than the sizes of asperities, the metal surface seems dull.



The metal surface dimness diminishing the reflectance in the optical region is essentially due to the light scattering on the film rather than on the defects of the metal surface. The surface light scattering is dependent on the ratio of the light wavelength and sizes of oxide film roughness.



Effective light scattering of oxidized surfaces is observed for many metals. Aluminum is a typical example proving this phenomenon. The aluminum oxide film is assumed to produce a dull finish on the metal surface, owing to its considerable thickness (~0.5–1 μm) [13,14]. The light scattering on natural oxidized copper is also due to the oxide film, the thickness of which was calculated to be about 627 nm [15]. The oxide film thicknesses on chromium [16], nickel [17], and titanium [18,19] are considerably smaller (3–7 nm) than the wavelength of visible light. That is why metallic Cr, Ni, and Ti maintain the high brightness of their naturally oxidized surfaces.



Smoothing to obtain a mirror-like metal surface implies, first of all, a removal of metal oxide excess. Mechanical treatment of the oxidized metal surface (e.g., abrasion, buffing, burnishing, etc.) may be successfully used to give workpieces a high polish. On the other hand, chemical dissolution of the superficial compounds based on the reaction with acids does not always lead to a mirror-like metal surface, because of nonselective action of hydrogen ions. In most cases, acidic treatment results in etching or pitting of the metal surface [20].



A glossy metal surface can be formed by both anodic and cathodic polarizations of electrodes. A wide-spread cathodic reduction does not refer to the electropolishing processes. Usually, electrochemical polishing is considered as an anodic reaction. Electrochemical oxidation provides an alternative way to achieve the required result. An anodic polarization of a metal electrode to be focused on electropolishing imposes certain requirements for the chemical nature of the electrolyte, which must be, first of all, stable enough at the potentials applied. Aqueous solutions of strong electrolytes hardly fulfill these requirements. The use of aqueous solutions is evidently restricted in the fabrication of mirror-like surfaces of metals or alloys on account of the competitive side-reaction of water oxidation to molecular oxygen (Equation (1)) [3].


2H2O − 4e− → O2 + 4H+



(1)







Although water is a less active reducing agent compared with base metals, the probability of Equation (1) in aqueous solutions is high enough. Electrochemical oxygen evolution favors the appearance of secondary metal oxide films. Only a minority of metals can be polished to a bright surface by anodization in aqueous solutions of acids. These metals should be inert to acids and should be covered with thin passive oxide films (stainless steel, nickel, copper, platinum, etc.). The result of electropolishing for the majority of the industrially important metals in acid solutions is etching or pitting. Electropolishing being targeted at the fabrication of a mirror-like metal surface implies a dissolution of oxide films as the main reason for diffuse light scattering.



Electrochemical oxidation of water evidently occurs on the metal surface due to the diffusion of water molecules within the pores of the oxide layer. H+ ions, being electrochemically formed, move in a reverse direction towards the cathode and may react with metal oxide according to Equation (2). The migration rate of the hydrogen ions to the cathode and the thickness of the oxide film determines the probability of the occurrence of the heterogeneous chemical Equation (2) providing the dissolution of the oxide film.


MxOy + 2yH+ = xM+(2y/x) + yH2O



(2)







The probability of Equation (2) clearly decreases with the increase in the H+ migration rate to the cathode. The H+ migration rate depends on the viscosity of the electrolyte; the porosity, thickness, and chemical properties of the oxide film; as well as temperature, current density, voltage, and other factors [1,2,3]. If the electropolishing occurs in acidic solutions, Equation (2) becomes the main process [1,3,4,5].



In recent years, ionic liquids [10,21,22,23] tend to be actively used as electrolytes for a lot of electrochemical processes. Ionic liquids are of growing interest due to their outstanding advantages against aqueous solutions. Electrochemical potentials of discharge of the ionic liquid ions are significantly shifted to larger values (electrochemical window) that exclude all side reactions with the solvent participation.



Among a set of industrial processes, electropolishing of metals and alloys is known to be particularly sensitive to the chemical nature of the electrolyte. There are diverse areas that require mirror-like metal surfaces (e.g., microelectronics [24], construction of space technics and aerospace frames [25], medical instruments [26,27], biocompatible alloys [28,29,30,31,32,33], and others). Electropolishing of metals and alloys is similar in its function to dissolution during the passage of current to provide the removal of the surface roughness and to achieve a smooth surface.



The upper layers of the surface of base metals and alloys are known to consist of natural oxide films of different compositions covering crystalline metal defects. The metal surface smoothing to obtain a brilliant reflectance is a sequence of complex processes, including not only the removal of metal oxides, but also the controlled elimination of defects of the surface. It is evident that electrochemical removal of oxide films and metal roughness represents different consecutive processes taking place at the interface of the electrode.



Electropolishing efficiency is dependent on the chemical properties of the films, which are known to be individual for each metal or alloy. In general, the mechanism of metal surface electropolishing implies discrepant rates of the removal of covering films and proper metal atoms from different sites of the surface. The oxide films are often removed owing to Equation (2), both in aqueous and non-aqueous solutions. In the latter case, hydrogen ions appear after anodic oxidation of residual water. After oxide film removal, the smoothing of the surface occurs with a higher current density on the edges of the crystal structure.



A chemical dissolution of the superficial oxides according to Equation (2) is not the sole process of oxide film removal. In the absence or lack of hydrogen ions (e.g., in ionic liquids), the electrochemical dissolution of oxides becomes more probable and may undergo one/two-electron processes (Equations (3) and (4)) [15].


M2O − 1e− → MO + M+



(3)






MO − 2e− → M2+ + Oads



(4)







Equations (3) and (4) are competing with Equation (2) in IL, particularly for the low-valence metals (copper, tin, lead, etc.).




3. Electropolishing of Metals and Alloys


3.1. Stainless Steel


Stainless steels are the most widespread construction materials used in various branches of industry and medicine [34,35,36]. The high surface quality is required for the fabrication of mirrors and instruments (e.g., in medicine) to exclude undesirable corrosion processes. The surface homogeneity may be effectively achieved by electrochemical polishing.



A substantial progress in electrochemical polishing of stainless steels was attained via using ionic liquids [2,34,35,36]. Ionic liquids based on choline chloride (2-hydroxyethyltrimethyl ammonium chloride) were used for the first time to smooth the surface of metals and alloys [1,2,3]. Choline chloride, being a crystalline substance under room temperature, is mixed with ethylene glycol to get a viscous conducting liquid. The mixture of choline chloride with ethylene glycol in a 1:2 molar ratio (ethaline) exhibited high efficiency in metal finishing [2,3].



The metal dissolution mechanism in ethaline was shown to be different from that in aqueous acid solutions. The result of stainless steel electropolishing in ethaline is strongly dependent on the current density. The electropolishing was found to occur isotropically at a higher current density (>50 mA cm−2) to yield a mirror-like sample. Otherwise, providing that the current density was lower (<50 mA cm−2), the oxide film was removed non-uniformly and no polishing was observed. The sample finish, in this case, was dull rather than mirror-like. The difference in the surface state of two regions of stainless steel polished with higher (right) and lower (left) current densities is shown in Figure 1 [35]. The dissolution of the oxide film of stainless steel in IL brings about pitting rather than the polishing observed at a higher current density.



The electrochemical behavior of 316 stainless steel in ethaline showed that the quality of polishing was determined not only by the current density. The authors noted that traces of water resulted in widening of the current density window over which a mirror-like surface could be detected [35]. However, pitting of the surface of the stainless steel is only observed when the water content in IL exceeds 10%.



The effect of water was explained by decreasing electrolyte viscosity and increasing electric conductivity. The authors do not rule out that the increase in the water concentration leads to secondary film formation of the insoluble metal salt. The rate-determining step of 316 stainless steel polishing was supposed to depend on the Cl− migration rate to the electrode.



The behavior of various samples of the mechanically abraded stainless steels (410, 302, 304, 316, and 347) as disc working electrodes was studied under anodization in ethaline [36]. It was established that no changes in the surface composition of the samples were observed after the electrochemical polishing, and no dealloying of the steels was detected. The SEM image of the sample of stainless steel 304 (Figure 2) showed that a grain boundary pattern typical for the stainless steel samples disappeared in the untreated region after anodization. It was shown also that breakdown of the oxide film was the rate-limiting factor in electropolishing. The desired optically bright finishing of the samples was achieved by electropolishing of the above stainless steels, which seemed to depend on the performance of the oxide film removal, and was observed only for stainless steel 410.



The above-mentioned choline chloride–ethylene glycol mixture was also used for electrochemical study of alloys based on Ni, Ti, Co, and Cr, as well as 316L stainless steel [2,34,35,36,37]. Surface properties of these materials are of particular importance for medicine and biology. The alloys are widely used for prosthetic artificial limb replacements and for fabricating endovascular stents for coronary arteries [36].



The authors of [37] claimed that electropolishing of the Ni-Ti (Nitinol) and Co-Cr alloys and 316L stainless steel in ethaline at 70 °C achieved shiny surfaces of the samples, with high optical reflectivity. The authors noted that all the samples of the shape memory alloys demonstrated surfaces with smoother appearance and feel.



According to EDX data, electropolishing of the above alloys in ethaline results in no selective surface leaching of any element of the alloys and allows the surface properties (hardness, toughness, biocompatibility) to be kept constant, which is of high importance for materials in medicine [37].



Ionic liquids based on organic cations such as imidazolium, pyridinium, and so on (Figure 3) also exhibit high efficiency in electrochemical polishing of some metals and alloys [15,38,39]. Counterions are usually presented by inorganic anions such as BF4−, PF6−, N(SO2CF3)2−, Cl−, and so on [20,22].




3.2. Titanium and Alloys


A great number of publications have been dedicated to electrochemical finishing of titanium and its alloys [38,39,40,41,42,43,44]. These materials attract attention as objects for electropolishing to obtain the high-quality surface required for medicine and related areas. Polished titanium and its alloys exhibit extremely high resistance against electrochemical corrosion, which is of particular importance for the chemical industry and biomedical engineering of biocompatible materials [41,42]. These materials are needed for the formation of fibrous soft tissue capsules or for prostheses [41,42]. The chemical inertness of titanium and its alloys is known to be due to a thin passive oxide surface film, which is stable against chemical treatment and anodization.



Electropolishing of metallic Ti was studied in ethaline [42]. The authors found that anodization of Ti in ethaline resulted in smooth metallic surfaces with about 5 nm roughness. The mirror-like finishing of the Ti electrode was achieved at a constant voltage of 6 V for 30 min at 20 °C under potentiostatic conditions. The authors noted that no gas evolution was observed under the above conditions.



The mechanism of the Ti electropolishing in ethaline was also considered [42]. It was proposed that Ti was dissolved primarily from the salient sites to form a TiCl4 film at the interfacial regions. The surface morphology of Ti was studied by SEM and AFM techniques (Figure 4). AFM measurements showed that electropolishing of a Ti sheet resulted in isotropic etching across the whole sample and effective mirror-like reflectivity.



An average surface roughness of 5.7 nm was achieved after electropolishing at 6–10 V for 30 min (the initial sample had a roughness of 118.8 nm) [42].



The mixtures of choline chloride (ChCl) with ethanol (1:4 molar ratio) and choline chloride with methanol-butanol (1:6:2 molar ratio) also were successively used for electrochemical polishing of Ti under potentiostatic conditions (2 and 1.2 V, respectively) [43]. The state of the metallic titanium surface before and after electropolishing in choline chloride mixtures with alcohols is illustrated in Figure 5.



According to the SEM and AFM data, nanoscale polishing of pure titanium was achieved for 40 min, the initial roughness of the sample (120.5 nm) being reduced to 0.10 and 0.66 nm in choline chloride–ethanol and choline chloride–methanol–butanol mixtures, respectively [43]. No anodic gas evolution occurred when butanol was added to IL.



The authors of [43] supposed that the low onset voltage in choline chloride mixtures with alcohols compared with ethylene glycol can be explained by the low viscosity of the electrolyte solution. The importance of the electrolyte viscosity in electropolishing was proved also for Ag, Au, Co, Cu, Fe, Ni, Pb, Sn, and Zn [2] in ethaline and 1-butyl-3-methylimidazolium chloride (16 and 142 cP at 70 °C, respectively). The current density was found to increase with the rise in temperature, owing to the reduced viscosity of the electrolyte and the change in solubility of the oxide/salt film formed. The passive film formation was observed for the metals with a low dissolution potential (Pb, Sn, Zn). The electrochemical behavior of the majority of metals was similar in both electrolytes due to the formation of chloride complexes, which can block the surface of the electrode.



Electrochemical behavior of Ti was studied in trimethyl-n-hexyl ammonium bis(trifluoromethyl)sulfonyl imide IL [40], (TMHA)NTf2, by means of cyclic voltammetry at 50 °C. The electropolishing effect of Ti in (TMHA)NTf2 to form shiny silver titanium was observed only after preliminary mechanical treatment of Ti.



The authors studied in detail (using cyclic voltammetry, XRF analysis) the mechanism of anodic dissolution of titanium in (TMHA)NTf2 and concluded that the titanium anodic oxidation under experimental conditions occurred with the formation of Ti2+ or Ti3+ ions. The formation of a surface oxide film according to Equation (5) was supposed to hinder the anodic dissolution of the metal [40].


Ti + xH2O → TiOx + 2xH+ + 2xe− (x unknown)



(5)







The electropolishing of titanium was also investigated in ionic liquids based on the 1-buthyl-1-methylimidazolium (Bmim) cation and different anions (NTf2−, BF4−, PF6−, and Cl−) [38]. It was found that the cation nature of IL did not affect the result of anodization in BmimNTf2, BmimBF4, and BmimPF6. The effective electropolishing of titanium was observed for BmimNTf2, BmimBF4, and BmimPF6 ionic liquids. The influence of the nature of IL anions, otherwise, demonstrated a distinct difference in titanium anodization for hydrophobic (BmimNTf2, BmimBF4, BmimPF6) and hydrophilic (BmimCl) ionic liquids. The alternating regions of polishing and pitting were observed on the titanium surface after anodization in the BmimCl medium.



On the other hand, the anodization of titanium in the mixture of BmimCl with propylene glycol (1:1) brought about the formation of surface titanium dioxide nanostructures (nanotubes), which was proved by cyclic voltammetry measurements [38].



The alloys based on titanium have also attracted growing attention owing to their application in medicine as biocompatible materials [33,39]. Titanium doped with Al and V is a widespread alloy used for prosthesis and implantable material fabrication [39].



The electropolishing of Ti-6Al-4V alloy in 1-buthyl-3-methylimidazolium chloride ionic liquid was studied [44]. Electropolishing of Ti-6Al-4V alloy used as a disk rotation electrode was carried out for various rotation speeds (50–200 rpm), voltages (15–60 V), and anodization times (0–8 min). It was established that surface roughness effectively decreased from 0.682 to 0.311 nm for 8 min of anodization only at the 200 rpm rotation speed and voltage of 30 V. According to the AFM and SEM measurements, optimal parameters were recommended for the process, such as 6–7 min of anodization, high rotation speed (50–200 rpm), and average voltage (35–45 V) to achieve a metal surface of the required quality [41,42]. Otherwise, the roughness of the surface increases remarkably with time when the polishing of the Ti-6Al-4V alloy proceeds at a low rotation speed (50 rpm) and high voltage (60 V) [41].



The potentiostatic electropolishing of the same alloy was investigated in 1-ethyl-3-methylimidazolium acetate [41,42]. It was found that the surface roughness indexes also decreased with polishing time. The optimal parameters of the process were found to be high rotation speed (150–200 rpm) and average voltages (35–45 V). The surface of the alloy after electropolishing for 6–8 min in IL found by EDX and AFM techniques was shown to be insignificantly depleted in Al and V.




3.3. Platinum


Electrochemical polishing of Pt was studied in a series of ionic liquids based on the 1-butyl-3-methylimidazolium cation and various anions (BmimBF4, BmimPF6, and BmimNTf2) and 1-hexyl-3-methylimidazolium tetrafluoroborate (HmimBF4) [38]. The polishing kinetics of Pt was calculated by measuring the change of the surface area of the electrode over time. The surface area of Pt (S) was found to decrease with time according to Equation (6).


  S =  S  min   + (  S  max   −  S  min   ) exp ( −  k  e f f   t )  



(6)




where Smin and Smax are the polished and unpolished surface area of Pt, respectively; and keff is the polishing rate constant observed.



The Pt area decrease is indicative of smoothing of the electrode surface. The rate of polishing was established to depend on the nature of the IL anion. The highest polishing rate was found for BmimBF4 and HmimBF4, exhibiting the optimal ratio between viscosity and electrical conductivity of IL. The change of the Pt surface roughness, ∆f, was calculated according to Equation (7).


∆f = [(Smax − Smin)/Smax] × 100%,



(7)







It was found that ∆f values for BmimBF4, BmimPF6, BmimNTf2, and HmimBF4 (20 mA, 25 °C) were 43%, 39%, 47%, and 28%, respectively [38].




3.4. Copper


Copper is known to be a less chemically active metal than other 3d-elements. Nevertheless, natural copper is also covered with thin invisible oxide films of Cu2O and CuO. Electrochemical oxidation of copper in ionic liquids exhibits unusual features that are of great importance for the achievement of a metal surface of the highest smoothness [15]. The electropolishing of the majority of metals and alloys with oxidized surface begins with the dissolution of an oxide film, followed by the removal of metal atoms from the surface projections.



Electrochemical polishing of copper was studied in ethaline and IL based on the imidazolium cation—BmimCl [45,46,47,48]. Both electrolytes contain the chloride anion. The result of electropolishing of copper in ethaline carried out at 20 °C is shown in Figure 6.



Copper electropolishing was found to depend on the nature of the solvent and experimental conditions (viscosity, concentration, temperature, etc.). The effects of cation and chloride anion concentrations and viscosity of the electrolyte after dilution with ethylene glycol were studied. The efficiency of the anodic dissolution of copper was due to solubility of the copper chloride compounds such as CuCl2, CuCl3−, or CuCl4−2. The temperature was established to influence the passivity role of the films of copper chloride complexes.



Effective smoothing of copper (91.179%) was observed in ethaline [46]. The initial roughness of a Cu sample (167.629 nm) decreased to 82.610 nm after electropolishing in ethaline at 70 °C and 1.5 V. The anodization of copper in ethaline occurred without hydrogen evolution to produce a mirror-like metal surface.



Electrochemical behavior of copper exhibiting various surface morphologies and compositions of oxide films was investigated gravimetrically under galvanostatic conditions in hydrophobic BmimNTf2 IL for natural surface oxidized, air-annealed, cathodically reduced, and cathodically deposited copper samples [15]. The air-annealed copper sheet with typical iridescences (Figure 7, bottom) exhibited a mirror-like surface after electropolishing in hydrophobic BmimNTf2 IL. Figure 8 shows SEM images of the rough surface of copper obtained by cathodic deposition from a CuSO4 water solution (Figure 8a) and after electropolishing in BmimNTf2 IL (Figure 8b).



The data were presented by plots of the copper mass loss as functions of the quantity of electricity consumed. According to the results obtained, it was concluded that the dissolution of copper oxides had an electrochemical nature due to the one/two-electron Equations (8) and (9):


Cu2O–1e− → Cu+ + CuO



(8)






CuO–2e− → Cu+2 + Oads



(9)






Cu–1e− → Cu+



(10)







Electrochemical smoothing of copper asperities to obtain a mirror-like surface (Figure 7) was found to occur owing to Equation (10) in hydrophobic BmimNTf2 IL after removal of the surface oxides. It was found that the efficiency of copper polishing increased in water-saturated hydrophobic IL. This means that Equation (10) occurs primarily on the salient sites rather than on the recesses and pits of the copper surface (Figure 9), providing rapid and economic dissolution of the metal.



The copper electropolishing in BmimNTf2 seemed to depend on the composition and properties of the solvent. A distinct difference was observed for electropolishing of the oxidized and oxygen-free surface of the copper electrode. The authors showed that the dissolution of the copper oxide films occurred in hydrophobic BmimNTf2 ionic liquid rather than in hydrophilic BmimCl [15].




3.5. Aluminum


A smooth surface of aluminum was obtained by electropolishing in an ionic liquid based on the mixture of anhydrous aluminum chloride with trimethylamine hydrochloride in the absence of oxygen (Figure 10) [46,48,49,50,51]. Figure 10 demonstrates the surface of Al before polishing (a and c) and after electrochemical treatment in IL (b and d). The electropolished sample exhibits the high reflectivity of the mirror-like surface of the metal (b), which reflects an image located in front of it. The average roughness of the Al surface diminishes from 15.2 to 2.58 nm after electropolishing in IL. It was found also that the oxygen content on the Al surface decreased from 6.49 to 1.5 wt% after electropolishing, whereas no Al depletion was observed.



The authors noted that the glossiness of the original surface of Al (7.6) increased to 665 [48] after electropolishing of the sample in a mixture of anhydrous aluminum chloride with trimethylamine hydrochloride.



Electropolishing of Al was also studied in ethaline [46,51]. The surface of Al polished in ethaline demonstrated high optical reflectivity (4.5) [46]. Authors compared the results of electropolishing of aluminum in phosphoric acid and acid-free IL. It was established that Al roughness before and after electropolishing in ethaline decreased from 159.310 to 26.649 nm, respectively. The smoothing efficiencies were found to comprise about 83% in ethaline and 39% in 1 M phosphoric acid [46,51]. The authors claimed that optimal conditions for electropolishing of aluminum in ethaline were 2 V for 900 s.



The surface morphologies of the high-purity aluminum samples before and after anodization were depicted for electrochemical etching in a deep eutectic solvent (Figure 11) [51]. Although the electropolishing rate of aluminum was higher in a phosphoric acid medium (50.8 μg/s) (it was 43.7 μg/s in ionic liquid), the smoothing efficiency was established by AFM calculations to be significantly higher in the ionic liquid (roughness average Ra = 26 ± 2 nm) than in phosphoric acid solutions (Ra = 97 ± 6 nm).



This makes the deep eutectic medium more preferable if the smoothing efficiency is the main requirement for electropolishing of high-purity aluminum.




3.6. Uranium


The polishing of the surface of radioactive metals reveals some difficulties because of the high radioactivity. The most secure way to smoothen a surface of radioactive metals is electropolishing in ILs to prevent the formation of radioactive aerosols.



Electropolishing of metallic uranium was carried out in 1-ethyl-3-methylimidazolium chloride ionic liquid in the presence of AlCl3 [52]. Uranium was found to be electrochemically oxidized with U3+ formation. Diffusion of U3+ ions through the diffusion layer away from the anode determines the dissolution rate of uranium. A burgundy-colored film was observed on the surface of uranium by exposing the electrode to IL for 2 min at 6 mA cm−2 (Figure 12). The authors supposed that a U(Al2Cl7)x(AlCl4)3−x precipitate was formed by electropolishing of the metal.




3.7. Tin


Ionic liquids based on the pyrrolidinium cation were also successively used for electropolishing of tin [53,54,55]. 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMPNTf2) was tested as an electrolyte for anodic dissolution of tin. The authors studied the behavior of an Sn electrode under various experimental conditions. It is seen in Figure 13 that some scratches on the tin surface that resulted from the mechanical abrasion of the sample disappear after potentiostatic anodization at 0.1 V. The decrease in the roughness of the electrode from 283 to 79 nm after anodization in BMPNTf2 leads to the shiny surface of tin due to the viscous layer formation on the metal [53].



The same polishing effect was observed for the galvanostatic anodization of tin (0.5 mA cm−2). The role of the viscous layer formation in the surface finishing of the metal was established [53,54,55]. The Sn(2+) diffusion through the viscous layer near the electrode was found to be the rate-determining stage of electropolishing.




3.8. Nickel


The data on electropolishing of nickel were obtained in a mixture of choline chloride with ethylene glycol (1:2) [56,57,58,59,60,61,62,63]. The nickel finishing was conducted at the optimum voltage of 3.75 V for 900 s at 70 °C. The average roughness of nickel was found to decrease from 138.408 to 28.640 nm to form a smoothed surface of the sample in ethaline [56].



The electrochemical behavior of nickel metal of high purity (>99.9%) in the mixture of ethylene glycol and vitamin-B4 (2:1, respectively) at 70 °C was studied by means of chronoamperometry and voltammetry [62]. Calculations via atomic force microscopy (AFM) gave additional information regarding the surface morphology of the samples before and after anodization in the eutectic ionic liquid (Figure 14).



According to the data obtained, the samples of nickel were electropolished to be mirror-like, from Rq of 138.41 nm to Rq of 18.64 nm with a smoothing efficiency of 79.308% [62]. The authors assumed that choline cations undergo one-electron reduction on the cathode to choline radicals, followed by decomposition to form triethylamine and ethanol radicals. It was concluded that the rate of electropolishing did result in a statistically significant improvement in the surface roughness of high-purity nickel metal.



The experiments revealed also that the high current leads to pitting, and high voltage yields the oxide film formation on the nickel anode. It was found that the result of the anodization of high purity nickel metal depended on the optimal relationship between the voltage and current (Figure 15) [62].



The smoothing of the nickel surface by electropolishing in ethaline was found to bring about the improvement of anticorrosion properties [63]. The enhancement in the potential of the nickel electrode in ethaline was shown to improve the surface morphology. It was concluded that the more uniform and smoother the nickel surface, the higher was its corrosion resistance [63].




3.9. Silver


A mixture of choline chloride with ethylene glycol was used also for electropolishing of silver to obtain the smoothed surface required for manufacturing integrated circuit devices [56,64]. According to AFM data, a decrease in the roughness was observed after electropolishing in ethaline (Figure 16). The Ra calculated values diminished from 181.450 to 31.017 nm after anodization of the sample.



The optimum voltage and current density for the effective electropolishing of metal silver were determined to be 3.75 V and 0.064 A/cm2 [64].




3.10. Niobium


Metallic niobium with a smooth mirror-like surface is required for the fabrication of the cavities of superconducting radio frequency accelerators [65,66,67,68,69,70]. Niobium is an expensive metal to be polished in aqueous acid solutions. Ionic liquid based on choline chloride, ethylene glycol, urea, and ammonium fluoride (2:2:2:1 molar ratio, respectively) was successfully used also for electropolishing of niobium [65,66,67,68,70]. A shiny surface of niobium was obtained by electropolishing at 70 °C and voltage of 8.0 V for 900 s. According to AFM data, the initial surface roughness of the niobium sample was reduced by more than 95%. SEM images (Figure 17) showed the change of the as-received sample of niobium (Figure 17a) after electropolishing in the above mixture (Figure 17b). The average niobium surface roughness was found to diminish after electropolishing in acid-free IL below 22 nm.



Electrochemical impedance spectroscopy was used to study the mechanism of the Nb electropolishing in deep eutectic solvents [70]. The electropolishing of Nb was suggested to be in accordance with a compact salt film mechanism. The applied potentials and temperature were found to affect the result of electropolishing of metallic niobium. Physical and chemical properties of the Nb surface (crystal structure, morphology, composition) were investigated also, before and after electropolishing, by XRD, XPS, and SEM techniques. The mirror-like surface of metallic Nb was shown to be formed from the electropolishing of Nb in an ionic liquid (Figure 18). The stretches and irregular defects (average roughness is 538 nm) observed on the surface of the Nb sample are seen to disappear after electrochemical polishing (Ra = 105 nm), thus demonstrating the high efficiency of the electrochemical finishing.



The electrochemical kinetics of electropolishing of metallic niobium as a disc rotating electrode revealed the significant role of a NbOx film, the thickness of which is independent of temperature but decreases with the increase in the rotation rate.




3.11. Alloys


Ethaline demonstrated high efficiency in electropolishing of alloys based on d-metals, which are of particular importance as biocompatible materials for total joint replacement in medicine [28].



Electropolishing of CMSX4 and CMSX10N superalloys based on nickel doped with Re, W, Ta, Al, Ti and other metals was carried out in ethaline 200 IL to remove a surface oxide scale from single crystal aerospace castings [60]. The anodization of the superalloys for 30–60 min resulted in reduced surface roughness to form a lustrous workpiece (Figure 19).



The copper- [71] and titanium-based [33] alloys were also electropolished in ethaline. The electropolishing of bronzes of the types AMPCO® 22 (containing Al and Fe) and AMPCO® 712 (containing Sn, Ni, Pb, and Zn) were studied in ethaline at 25 °C and 2.5 V of the anodic potential (vs. the Ag pseudo-reference electrode). Potentiostatic anodization of both kinds of bronzes was established to bring about the improvement of the surface morphology. The surface copper content increased after electropolishing from 72.41% to 81.87% for AMPCO® 22 and from 81.83% to 83.04% for AMPCO® 712, likely due to exhaustion of Al (from 10.05% to 8.97%) and Sn (from 12.35% to 8.58%), respectively. The improvement of the surface morphology of the above bronzes after anodization in ehaline (Rq from 626.8 to 135.3 nm and from 454.0 to 179.4 nm for AMPCO® 22 and AMPCO® 712, respectively) resulted in the anodic potential shift for both alloys [71].



The electrochemical polishing of titanium alloy (98.2 (Ti), 0.3 (Al), and 1.5 % (C)) in ethaline resulted in the formation of the specific surface patterns with nanoscale irregularities enriched with oxygen and carbon [33]. The wettability of the alloy surface was used to define the surface roughness (Figure 20). The surface hydrophobicity of the Ti-based alloy was found to increase nonmonotonically with time after electropolishing in ethaline due to respective changes in the surface roughness. The average roughness coefficients (Ra) seemed to diminish in general after electropolishing of the Ti-alloy. However, the increase in the processing time resulted in the marked decrease in Ra.



The surfaces of the alloys based on Zr2Ni doped by silicon (3 at.%) in the amorphous and crystalline states were electrochemically polished in the ionic liquid BmimNTf2 in the galvanostatic regime [72]. It was found that a much more uniform distribution of the nanosized fragments could be obtained (and a more uniform surface polishing) in the case of amorphous Zr67Ni30Si3 alloy.





4. Conclusions


In recent years, ionic liquids based on organic cations have effectively displaced acidic electrolytes in the processes of metal and alloy finishing due to their clear advantages. The use of ionic liquids for electrochemical treatment of metals gives an opportunity to delicately remove the superficial roughness. Electropolishing of metals in ionic liquids provides benign conditions for metal finish to obtain the required quality of the surface. The wide electrochemical window of ionic liquids allows excluding side reactions with electrolyte participation. Anodization of metals in acid-free ionic liquids often leads to smoothing the metal surface and obtaining mirror-like metal surfaces rather than etching and pitting. There are several barriers to commercialization of ionic liquids for electropolishing application, including [73]:




	
A rather high cost of the chemicals used to prepare ionic liquids;



	
The need to establish compliance with existing and planned environmental regulations;



	
The processes are not optimized.








However, these are temporary barriers that can be overcome in the near future, taking into account the unique advantages of these benign electrolytes in this particular applica-tion as well as the economy of materials that are otherwise lost at scale in the case of mechanical polishing.
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Figure 1. SEM images of stainless steel 316 etched in a mixture of choline chloride–ethylene glycol (1:2) for 10 min at 45 °C at 7.0 V (I3−/I−) (reprinted with permission from ref. [35]; Copyright 2005 Elsevier). 
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Figure 2. SEM image of the unpolished stainless steel 304 region (left) and SEM image of stainless steel 304 (right), showing transition between polished (top) and unpolished (bottom) regions of the sample after electrochemical polishing in a choline chloride–ethylene glycol mixture (reprinted with permission from ref. [36]; Copyright 2006 The Owner Societies). 






Figure 2. SEM image of the unpolished stainless steel 304 region (left) and SEM image of stainless steel 304 (right), showing transition between polished (top) and unpolished (bottom) regions of the sample after electrochemical polishing in a choline chloride–ethylene glycol mixture (reprinted with permission from ref. [36]; Copyright 2006 The Owner Societies).
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Figure 3. Structures of some cations of ionic liquids. 
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Figure 4. SEM (left) and AFM (right) images of Ti samples before electropolishing (a,c) and after electropolishing (b,d) (reprinted with permission from ref. [42]; Copyright 2020 by the author(s), published by the Electrochemical Society of Japan). 
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Figure 5. SEM images of the pure metallic Ti sample in (a) ChCl-MeOH-n-BuOH (1.2 V) and (b) ChCl-EtOH (2 V); 20 °C, 40 min (reprinted with permission from ref. [43]; Copyright 2019 The Electrochemical Society of Japan). 






Figure 5. SEM images of the pure metallic Ti sample in (a) ChCl-MeOH-n-BuOH (1.2 V) and (b) ChCl-EtOH (2 V); 20 °C, 40 min (reprinted with permission from ref. [43]; Copyright 2019 The Electrochemical Society of Japan).
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Figure 6. Photograph of the metal copper sheet before (u) and after (p) electropolishing in Ethaline at 0.18 V and 20 °C for 10 min (reprinted with permission from ref. [45]; Copyright 2019 by the authors, licensee MDPI). 
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Figure 7. Photograph of the surface of the air-annealed copper electrode after electropolishing in BmimNTf2 (reprinted with permission from ref. [15]; Copyright 2013 American Chemical Society). 
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Figure 8. SEM images of the copper electrode obtained by cathodic deposition of copper from an aqueous CuSO4 solution before (a) and after (b) electropolishing in BmimNTf2 (reprinted with permission from ref. [15]; Copyright 2013 American Chemical Society). 
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Figure 9. The mechanism of copper electropolishing in water-saturated hydrophobic BmimNTf2 IL (reprinted with permission from ref. [15]; Copyright 2013 American Chemical Society). 
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Figure 10. Photographs (a,b) and SEM images (c,d) of the Al sample before (a,c) and after (b,d) electropolishing in an anhydrous aluminum chloride–trimethylamine hydrochloride mixture (reprinted with permission from ref. [48]; Copyright 2017 Elsevier). 
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Figure 11. Schematic conceptualization of anodic leveling of the aluminum surface via AFM at different phases: before electropolishing (A), and after electropolishing (B) in ethaline; representative 2D surface profiles depicted before (C), during (D), and after (E) anodization (reprinted with permission from ref. [51]; Copyright 2020 by the authors, licensee MDPI). 
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Figure 12. Photograph of a burgundy film on the surface of uranium after anodization in a 1-ethyl-3-methylimidazolium chloride–AlCl3 mixture (1:2 molar ratio) at 6 mA cm−2 for 2 min (reprinted with permission from ref. [52]; Copyright 2018 the author(s), published by The Electrochemical Society). 
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Figure 13. SEM images of an Sn electrode before (a) and after (b,c) potentiostatic anodization in BMPNTf2 at 0.1 V (Ag/Ag+) with stirring at 1200 and 1500 rpm (25 °C); current density 14.3 (b) and 29.1 C cm−2 (c) (reprinted with permission from ref. [53]; Copyright 2021 the author(s), published on behalf of The Electrochemical Society by IOP Publishing). 
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Figure 14. Schematic explanation of anodic leveling of nickel via AFM before electropolishing (a), and after electropolishing treatments (b), with representative 2D surface profiles depicted before the experiment (c), during the experiment (d), and after treatments (e). Vertical height scales are the same across all micrographs and profiles (reprinted with permission from ref. [62]; Copyright © 2019, University of Science and Technology Beijing and Springer-Verlag GmbH Germany, part of Springer Nature). 
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Figure 15. Schematic diagram describing the optimal relationship between the voltage and current for nickel electropolishing, and examples of resulting 10 μm × 10 μm surface characteristics via AFM micrographs (reprinted with permission from ref. [62]; Copyright © 2019, University of Science and Technology Beijing and Springer-Verlag GmbH Germany, part of Springer Nature). 
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Figure 16. Digital microscopy of silver before electropolishing (a), along the electropolishing divide (b) and after electropolishing in ethaline (c) (reprinted with permission from ref. [56]; Copyright 2010 The Electrochemical Society). 
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Figure 17. SEM views of the initial (a) and IL-polished (b) niobium sheet (reprinted with permission from ref. [65]; Copyright 2010 The Electrochemical Society). 
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Figure 18. Surface micrographs of Nb samples: before (a) and after (b) electropolishing; optical picture (c). (Reprinted with permission from ref. [70]; Copyright 2021 Elsevier.) 
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Figure 19. A workpiece of nickel-based superalloy before (left) and after (right) electropolishing in ethaline 200 (reprinted with permission from ref. [60]; Copyright 2013 the author(s), published by Informa UK Limited, trading as Taylor & Francis Group). 
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Figure 20. Schematic representation of the effect of the surface morphology of unpolished and electropolished surface of Ti-based alloy on liquid spreading (reprinted with permission from ref. [33]; Copyright 2021 Elsevier). 
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