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Abstract

:

Plasma electrolytic oxidation (PEO) is an effective surface modification method for producing ceramic oxide layers on metals and their alloys. Although inorganic electrolytes are widely used in PEO, the organic additives have received considerable interest in the last decade due to their roles in improving the final voltage and controlling spark discharging, which lead to significant improvements in the performance of the obtained coatings. Therefore, this review summarized recent progress in the impacts of organic additives on the electrical response and the plasma discharges behavior during the PEO process. The detailed influence of organic additives, namely alcohols, organic acids, organic amines, organic acid salts, carbohydrate compounds, and surfactants on the corrosion behavior of PEO coatings is outlined. Finally, the future aspects and challenges that limit the industrial applications of PEO coating made in organic electrolytes are also highlighted.
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1. Introduction


Plasma electrolytic oxidation (PEO) is an effective coating method of valve metals to fabricate well-adherent oxide layers, which impart improved wear and corrosion performances in many aggressive environments [1,2,3,4,5,6,7]. The formation of PEO coatings is usually accompanied by a series of simultaneous events, such as acoustic emission, luminescence, and heat release, which are associated with a localized electric breakdown of the growing oxide layer [1]. Typically, the resultant PEO coating exhibited a large thickness up to ~200 μm depending on processing conditions, which certainly improves corrosion resistance [8]. Earlier works on PEO have reported that the surface properties of PEO coatings are mainly affected by the composition of the electrolyte, current mode, coating time, as well as the electrical parameters, namely, current density, current frequency, duty cycle, and cell potential [9,10,11,12,13,14,15,16,17,18,19,20]. Therefore, optimizing the processing parameters during PEO would be important as these parameters affect the characteristics of plasma discharges thereby, affecting the quality of the PEO coatings [1]. It should be pointed out that the modification of plasma discharges via the utilization of electrolyte composition has been in the spotlight since the combination of available elements generates many different compounds and potentially leads to different plasma behavior. Two major types of electrolytes are those containing organic compounds and those containing inorganic compounds [21,22,23,24,25,26]. While numerous investigations showed that organic compounds tend to be precluded in the coating layer during coating growth, the use of inorganic compounds generally showed successful incorporation [21].



PEO treatment as a kind of surface treatment of valve metals has previously been reviewed by several works [27,28,29,30,31]. For example, a critical review discussing the principle, structure, and performance of PEO coatings was reported recently by Kaseem et al. [1]. A review discussing the mechanism and performance of PEO-coated Mg alloys was documented by Darband et al. [27]. An interesting review very recently reported on micro-discharge characteristics during PEO treatment [28]. The impacts of different particles on the characteristics of PEO coating have been reviewed by Lu et al. [30]. To date, however, the types of organic additives added to the electrolyte during PEO and their roles in fabricating compact coatings with improved protective properties have not been given sufficient attention. Therefore, this review discusses the incorporation of organic additives, their effects on the characteristics of plasma discharges, structure, and the corrosion performance of the PEO coatings. The pros and cons of each additive, challenges, and future aspects associated with these additives were also highlighted.




2. Influence of Organic Additive on the Electrical Response of PEO


Generally, organic additives tend to adsorb on the surface of metallic substrates during PEO treatment through their functional groups (−OH, –COOH, –NH–CO–, etc.), which would prevent the inorganic additives—the main components of the electrolyte—and dissolved oxygen from transferring to the anodic substrate, leading to easy increments in the cell voltage [32,33,34,35,36,37]. For example, Pak et al. [38] examined the influence of organic polar liquids, such as glycerol (GLY), triethanolamine (TEA), and 3-aminopropyltrimethoxysilane (APTMS) on the voltage-time response during PEO treatment of AZ31B Mg alloy. They reported that organic compounds interacted with the Mg surface through their –OH groups, which separated the substrate surface from the electrolyte and increased the resistance of the coating. Similar findings were reported during PEO treatment of Mg alloys using other organic additives, such as starch [39,40], benzotriazole (BTA) [41], sodium oxalate (SOx) [42], and phytic acid [43]. However, the effect of organic additives on the voltage response during PEO was still controversial [44,45,46]. For instance, Zhu et al. [44] reported that the breakdown and final voltages during PEO treatment of AZ31B Mg alloy in electrolytes containing 10 g/L ethylene glycol (EG) and polyethylene glycol (PEG) as organic additives were almost identical to the counterparts obtained in electrolytes without organic additives. The adsorption of these additives by their segments –CH2–CH2–O– on the surface of the Mg alloy, with carbon atoms aligned toward the substrate surface and the oxygen atoms oriented toward the electrolyte, was found to have an insignificant effect on the voltage response as compared to the sample without additives. The authors ascribed this result to the high molecular weight of PEG which reduces the adsorption ability of this additive. On the other hand, some organic additives, like ethanol (EtOH) would have no obvious increase in the voltage during PEO. Sun and co-workers [45] also reported that only minor changes in the voltage-time curves of PEO processes conducted in silicate electrolytes without or with an addition of 10 g/L of either halloysite nanotubes (HNT) or BT- loaded HNT. According to Asoh et al. [46], the PEO treatment of AZ31B Mg alloy using a phosphate electrolyte (0.25 M Na3PO4) containing 5 vol.% EtOH as an organic additive had no obvious increase in voltage after reaching the value of breakdown voltage (Figure 1a), suggesting that ethanol was not desirable for coating formation presumably due to its somewhat low pH (12.65) and weak base compared with that comprising only Na3PO4 (12.73). This result indicated that ethanol could suppress the dissociation of the electrolytes during PEO. In contrast, when other additives, such as GLY and EG, were included in the phosphate electrolyte, the rates of the increase of voltage were higher than when the PEO process was performed in electrolytes without GLY and EG. The electrolyte conductivity would be reduced by the inclusion of alcohol into the Na3PO4-based electrolyte. In other words, the electrolyte resistance could be increased as the addition of EG and GLY led to an increase in the electrolyte viscosity. Microstructural observations revealed that EG or GLY utilized as an additive could act as an enhancer for film qualities, leading to the development of coatings with fewer micropores.



Kaseem et al. [47] claimed that the addition of 1 g/L sodium benzoate (NaBz) into the alkaline-aluminate (5.61 KOH + 4.098 g/L NaAlO2) electrolyte during PEO treatment of 6061 Al alloy would not greatly affect the growth rate and values of breakdown and final voltages as no changes in the electrolyte conductivity have been reported with the inclusion of NaBz into the solution. However, the addition of NaBZ into the alkaline-aluminate electrolyte caused a delay in the appearance of plasma discharges, as shown in Figure 1b. It was evident from Figure 1b that a delay in the appearance of plasma discharges can occur during PEO in the electrolyte containing NaBz. Moreover, the voltage in the case of NaBz was slightly lower than that without NaBz. This result was linked to the competition between the dissolution and oxidation of Al alloy substrate in the electrolyte with NaBz [48]. To sum up, the organic additives could affect the characteristics of the PEO process by increasing the voltage. However, controversial results can be found in the literature that are ascribed to differences in the pH, conductivity, concentration, composition, and viscosity of the electrolytes, as well as electrical parameters, used during PEO [1,44,45,46].




3. Softening Behavior by Organic Additives


The generation of soft plasma discharges usually happens under AC and bipolar current conditions using a higher cathodic current in comparison to the anodic current [1,49,50,51,52]. However, several research groups have suggested recently that the inclusion of organic additives into the electrolyte during PEO would help improve the compactness of the coating by facilitating the formation of soft plasma discharges. Such an approach is very simple and does not require sophisticated systems or complex controlling parameters [53]. In this regard, Hussain et al. [54] significantly improved the corrosion resistance of Al–Mg–Si alloy through densification of alumina layer by suppression of intense localized plasma discharges using the dual addition of oxalate and citrate ions to the electrolyte during the PEO treatment of 6061 Al alloy. The base electrolyte was composed of 6 g/L KOH, 4.166 g/L Na2B4O7, while the concentration of oxalate and/or citrate ions was fixed to be 1 g/L. They studied the role of oxalate and citrate ions acting as strong Lewis bases and their interaction with strong Lewis acids of interfacial Al3+ ions in the creation of a thick adsorbed electrochemical double layer, which functioned as a barrier layer of complex ligand structures. Such a barrier layer would dissipate the energy of strong plasma discharges, thus, forming a more uniform and homogeneously distributed soft plasma regime that facilitates a thicker, more compact, and dense PEO coating. As the coating time at all experimental conditions was fixed to be 5 min, the decomposition of the adsorbed barrier layer of complex ligand structure under the action of plasma discharges will dissipate a portion of the discharge energy in breaking their bonds and it will reduce the plasma discharge intensity, thus, facilitating soft plasma formation. The soft plasma conditions, in turn, would facilitate the formation of a thicker, more compact, and dense PEO coating. Their molecular modeling data supported their argument that the coexistence of oxalate and citrate ions facilitated the rapid reformation of the electrical double layer (EDL) because of the competitive adsorption of ions and its molecular orbital interactions. The EDL barrier layer of complex ligand structure had a thick and bulky stern layer and wide concentrated diffuse layer providing higher shielding efficiency and its rapid reformation prevented the substrate to come in direct contact with intensive plasma discharges for a long time, thus the coating is maintained under soft plasma during entire PEO process. By compositional analysis of coating, the study showed that with the decomposition of a barrier layer and its rapid reformation, most of the dissipated heat is encapsulated, which assists slow cooling and induces the formation of a more stable α-Al2O3 phase. The slow quenching also helped to maintain lower residual stresses and lower chances of crack formation, which is detrimental to corrosion. Their simple approach with short coating time provided an energy-efficient and cost-effective technique with a higher potential of industrial scalability.



As such, Kamil et al. [55] reported the soft plasma discharges developed in alkaline-silicate-electrolyte-containing complexing agents were useful to optimize the chemical stability and catalytic activity of an Al alloy coated via PEO. Three different complexing agents, such as complexing agents of nitrilotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA), and diethylenetriaminepentaacetic acid (DTPA) were added to the alkaline-silicate electrolyte (0.11 M KOH and 0.033 M Na2SiO3). The concentration of each complex agent was fixed to be 0.025 M. The results of this work are summarized in Figure 2. As shown in Figure 2a, the voltage-time curves of the Al alloy coated in the alkaline-silicate electrolyte containing NTA, EDTA, and DTPA consisted of three stages whose cell voltages intensify at different rates (Figure 1a), each with a distinctive appearance of plasma discharges (insets). Such variations in the voltage values and plasma discharges led to the formation of coatings with different morphologies, as shown in Figure 2b. The soft plasma discharges developed in the case of DTPA would explain the relatively compact structure observed in Figure 2b. The authors suggested that complexing agents would interact with the Al3+ ions by donating electron pairs, strengthening the construction, and accelerate the recovery of the EDL. The rapid formation of EDL was in the order NTA > EDTA > DTPA, as shown in Figure 2c. This would maintain a homogeneous electrical field that restrains the destructive effect of plasma discharges by preventing the localization of breakdown spots. Based on the DFT calculations and quantum parameters, they argued that the additive of higher denticity showed a higher fraction of electron transfer (∆N) and thus experienced higher stability of donor–acceptor interactions, and it ultimately facilitated more favorable adsorption to the interfacial layer. Thus, the DTPA additive generated softer plasma with higher dissipation of plasma discharge energy than the EDTA additive, while on other hand localized intense plasma discharges were observed during PEO coating with the NTA additive. Therefore, coating with NTA additive has a higher porosity and DTPA resulted in a denser and compact coating. Coatings with EDTA and DPTA additives are also rich in stable Al6Si2O13 phases because of soft plasma formation. The electrochemical impedance spectroscopy (EIS) results of the coatings suggested that the protection capabilities of PEO coatings are directly proportional to the denticity while the catalytic performances are inversely proportional to the denticity of complexing agents used. This is because catalytic performance increases with increasing porosity but corrosion protection decreases. Therefore, both the structural reliability and functional property were obtained together by generating soft plasma using EDTA complexing agent, resulting in a dense coating with dynamic surface topography originated by the activity of plasma discharges, providing the trade-off efficiencies of corrosion protection and catalytic performances.



Wei et. al. [56] claimed that glycerol added into either KF-based electrolyte or phosphate-based electrolyte would affect the evolution of gas products produced during PEO of Zirlo alloy. They reported that the decomposition of glycerol in certain conditions within the plasma discharge channels was believed to be assisted by photo-dissociation, electron impact dissociation, ion impact dissociation, and thermal impact dissociation and is represented by the following equation:


   C 3   H 8   O 3   →   high   energy   electrons    3 CO + 4  H 2   



(1)







The plasma sparks observed in the KF electrolyte are weak and are further weakened with glycerol addition. The H2 and O2 as the only final gases observed in the chromatographs as the weaker plasma sparks could not decompose the glycerol. But the plasma sparks observed in Na3PO4 electrolytes are much stronger and intense, which by the addition of glycerol transforms into more uniformly distributed smaller spark discharges. Since the plasma sparks observed were stronger and distributed throughout the anode the final gases consisted of CO peak along with H2 and O2 peaks in a chromatograph, which is considered to be the result of decomposed glycerol. As H2 is generated decomposition of water and GLY, the content of H2 (53%) produced in KF electrolyte was lower, which further reduced to 21% upon the addition of GLY due to the low intensity of plasma discharges in the electrolyte containing GLY. However, the concentration of H2 increased to 80.7% due to the strong plasma discharges developed during PEO in the Na3PO4 electrolyte. The authors also found that the decomposition of glycerol restricted by the application bipolar current mode would not affect the amount of evolved hydrogen gas, which mainly relied on the intensity of plasma discharges.



As we discussed above, the transition to the soft plasma regime would become easier when the organic additives are included in the electrolyte during PEO. Thus, PEO conducted in electrolytes with organic additives can be regarded as an energy-efficient method if the coating time is reduced without compromising coating quality with this approach. However, further investigation utilizing optical emission spectroscopy would be needed to reveal the mechanisms of the plasma softening, ultimately aiming towards a compact coating layer with functional properties by using organic additives.




4. Influence of Organic Additive on Surface Properties of PEO Coating


4.1. Alcohols and Glycols


Alcohols and glycols are demonstrated to have a considerable influence on the properties of PEO coatings due to their roles in adjusting the electrolyte conductivity and avoiding the occurrence of localized strong plasma discharges. Luo et al. [57] examined the influence of methanol (MeOH) on the characteristics of plasma discharges developed during the PEO coating of Mg alloy. The addition of methanol to the electrolyte helped to reduce the current density during the PEO process and enhanced the uniformity of the coatings. With an increase in the content of MeOH, the amount of dissolved Mg2+ ions decreased, which led to an improvement in the compactness and protective properties of the coatings. GLY has been used by several research groups to improve the surface properties of PEO coatings. The influence of GLY concentration (2, 4, 6 mL/L) on the surface properties of AZ91D Mg alloy coated via PEO in Na2SiO3-NaOH-Na2EDTA electrolyte (base electrolyte) was explored [58]. The concentrations of the base electrolyte components were 10, 2, and 2 g/L for Na2SiO3, NaOH, Na2EDTA, respectively. The pulse reverse voltage, frequency, and coating time during PEO were controlled to be 400/120 V, 100 Hz, and 15 min, respectively. The addition of GLY into the electrolyte would promote the formation of the small size of intensive plasma discharges. This result was ascribed to the role of GLY in changing the interface between the anode and the electrolyte by its substitution for water molecules, which led to increasing the adsorption capacity of anions. Even though MgO and Mg2SiO4 were the main phases of the PEO coating produced in the electrolyte without glycerol, the inclusion of glycerol in the electrolyte help to increase the volume fraction of MgO. Based on potentiodynamic polarization (PDP) assessments in 3.5 wt.% NaCl solution, it was reported that the addition of 4 mL/L of glycerol into the base electrolyte led to a positive shift of corrosion potential (Ecorr) value from 1.512 V vs. SCE to −1.313 V vs. SCE while the corresponding value of corrosion current density (icorr) for the PEO coating produced in the base electrolyte was reduced from 6.16 × 10−5 to 5.18 × 10−7 A/cm2. The highly compact structure with fewer pores and cracks would be the major reason for the lowest corrosion rate in the PEO coatings produced in an electrolyte with 4 mL/L of glycerol.



Pan et al. [59] compared the influence of GLY (5, 10, and 15 g/L) and hydrogen peroxide (H2O2) (10, 15, and 20 g/L) added into the base electrolyte composed of ammonium bifluoride (NH4HF2) (3, 5, and 7 g/L) during PEO treatment of ZK60 Mg alloy. The compactness and uniformity of the coatings were greatly enhanced upon the inclusion of GLY in the electrolyte. However, the addition of H2O2 led to an increase in the surface roughness of the coatings. The corrosion behavior of the coatings obtained in electrolytes without and with additives was examined by the weight loss method after immersion in simulated body fluid solution (SBF) at 36.5 °C for different periods, such as 3, 5, 7, and 9 days. The coatings produced from electrolyte with 5 g/L GLY and 7 g/L NH4HF2 exhibited the highest corrosion resistance, which was reflected by a small weight loss of ~2.07%. The addition of higher levels of GLY (10 and 15 g/L) led to the fabrication of coatings with low corrosion resistance. The PEO treatment using an electrolyte system composed of 5 g/L GLY, 10–20 g/L H2O2, 7 g/L NH4HF2 caused inferior protective properties of the ZK60 Mg alloy substrate.



The effects of GLY concentration (0, 50, 100, and 200 mL/L) on surface properties of the PEO coatings made on ZK60 Mg alloy were reported by Qiu and co-workers [60]. To discover the influence of GLY on the coating formation, GLY with different contents was added to the base electrolyte composed of 20 g/L Na2SiO3, 7 g/L KOH, and 1 g/L NaF. Based on the molecular dynamics simulations, it was suggested that GLY molecules can be adsorbed at the substrate, which led to a decrease in the number of cracks in the PEO coatings. The model for the adsorbed layer of GLY molecules at the interface is shown in Figure 3. GLY with its functional groups (−OH) can lead to specific adsorption at the substrate/electrolyte interface. Thus, it is possible to substitute for the H2O molecular film formed at the substrate/electrolyte interface in the electrolyte, to some extent, leading to a reduction in the solid–liquid interfacial tension, as illustrated in Figure 3d. As silicate anions have a similar structure with glycerol because the ionization of silicate ions led to the formation of SiO(OH)3− and SiO2(OH)22− ions, it was concluded that the intermolecular repulsive force between the interface and silicate ions tended to decrease with adsorption of glycerol molecules. From PDP results in a 3.5 wt.% NaCl solution, it was confirmed that the coating obtained from the electrolyte with 100 mL/L had the highest corrosion resistance in comparison to other samples, which was reflected by the lowest value of icorr with a most positive value of Ecorr.



Wang et al. [44] deposited PEO coatings on AZ31B Mg alloy utilizing an electrolyte system composed of 40 g/L NaOH, 50 g/L Na2SiO3, 30 g/L Na2B4O7, and 10 g/L C6H5O7Na3. This electrolyte was modified by adding 10 g/L of EG or its oligomers namely PEG400, PEG1000, and PEG4000. The addition of EG, PEG400, and PEG1000 to the electrolyte resulted in the development of a uniform coating with small micropores. Irrespective of the electrolyte type, MgO, MgSiO3, and Mg2SiO4 were detected but with different amounts. For example, the PEG1000 enabled the formation of a coating rich in Mg2SiO4. The electrochemical measurements in 3.5 wt.% NaCl solution indicated that the addition of EG to the electrolyte led to an inferior effect on the protective properties of the coatings while the effects of PEG400, PEG1000, and PEG4000 were significant. As the addition of PEG1000 enabled the formation of a relatively compact coating rich in stable Mg2SiO4 phase, the coating obtained by this additive had a lower corrosion rate than other coatings.



Alcohols and glycols are well-effective organic additives for improving the protective properties of Mg alloys. Alcohols or glycols that play a dual role in simultaneously enhancing the responding voltage and compactness may be required. For example, the addition of polyglycols with a medium molecular weight can be a suitable candidate to achieve this goal.




4.2. Organic Acids


Phytic acid (C6H18O24P6) with various concentrations, such as 4, 8, and 12 g/L was added into the alkaline electrolyte (10 g/L NaOH) during the PEO treatment of AZ91 Mg alloy [43]. The current density, frequency, duty cycle, and coating time during PEO were fixed to be 40 mA/cm2, 2000 Hz, 20%, and 3 min, respectively. It was found that an increase in the concentration of phytic acid in the solution led to increasing the breakdown voltage, which would be associated with a reduction in the electrolyte conductivity. The corrosion behavior of the PEO coatings was assessed by PDP testes in a 3.5% NaCl as the corrosive medium. The values of Ecorr and icorr for the coating made in solution with 4 g/L of phytic acid were found to be −1.501 V. vs. SCE and 7.696 × 10−6 A/cm2, respectively. These values were changed to −1.470 vs. SCE and 2.559 × 10−6 A/cm2 and −1.447 V. vs. SCE and 5.069 × 10−6 A/cm2 for the coatings made using 8 or 12 g/L phytic acid, respectively. This result suggested that the coating made in solution with 8 g/L phytic acid had superior corrosion resistance to the counterparts obtained using 4 and 12 g/L phytic acid. Zhang et al. [61] compared the influence of sodium silicate and phytic acid on the surface properties of the PEO coatings of AZ91HP alloy. Here, Si-film describes the coating made in the electrolyte containing 10 g/L NaOH + 18 g/L Na2SiO3 while P-film indicates the coating obtained in the electrolyte containing 10 g/L NaOH + 12 g/L phytic acid. Although the Si-film was thicker than the P-film, the pore uniformity of the P-film was better. The composition of the Si-film was amorphous while MgO was the main component in the P-film. PDP tests in 3.5 wt.% NaCl solution revealed that the P-film had a higher corrosion resistance than Si-film, which was attributed to the lowest pore size and better uniformity. In another study, Zhang et al. [62] attributed the improved corrosion resistance of AZ91 Mg alloy, coated via PEO in an alkaline solution containing phytic acid, to the formation of insoluble magnesium phytate.



The influence of terephthalic acid (TPA) on the surface properties of PEO-coated AZ91 Mg alloy was examined by Liu et al. [63,64]. The addition of TPA to the electrolyte led to a reduction in the current density, suppressing the formation of strong plasma discharges. Although the thickness of the coating produced with TPA was slightly lower than the counterparts obtained in the electrolyte without TPA, a smooth and compact coating was obtained when the TPA was added to the electrolyte. For this reason, the coating obtained with TPA had higher corrosion resistance than that obtained without TPA.



As a natural phenolic compound that originates from different plant species, tannic acid (C76H52O46) has been widely used in food, medicine, leather, and the chemical industry [65]. Tannic acid (C76H52O46) has a good chelating capability with metallic ions (Mg2+ and Al3+), forming metal–tannic complexes [33]. Zhang et al. [66] deposited PEO coatings on AZ91 Mg alloy in electrolytes without and with tannic acid. The current density, frequency, duty cycle, and coating time were fixed to be 40 mA/cm2, 2000 Hz, 20%, and 3 min, respectively. Three electrolyte systems were prepared. The solution (1) is composed of 10 g/L NaOH and 4 g/L tannic acid. Solution (2) is composed of 10 g/L NaOH and 18 g/L Na2SiO3 while solution (3) is composed of 10 g/L NaOH, 18 g/L Na2SiO3, and 4 g/L tannic acid. The adsorption of tannic acid on the substrate surface during PEO caused a reduction in the interfacial tension of the gas–liquid and solid–liquid interface, leading to the formation of relatively uniform coatings. The final voltage and coating thickness were found to increase with the addition of tannic acid to the electrolyte. As illustrated in Figure 4a, an insoluble magnesium–tannate complex can be formed at the substrate surface by the reaction between the hydrolysis product of tannic acid with Mg2+ ions. The formation of such a complex compound alters the coating color. As shown in Figure 4b, the values of Ecorr and icorr, determined from PDP tests in 3.5 wt.% NaCl solution, were 1.513 V vs. SCE and 1.226 × 10−5 A/cm2, respectively for the coating obtained in the solution (1). While the values of Ecorr and icorr were found to 1.14 V vs. SCE and 6.125 × 10−7 A/cm2, respectively for the coating obtained in the solution (2). Similarly, the values of Ecorr and icorr were 1.349 V vs. SCE and 1.385 × 10−7 A/cm2, respectively for the coating obtained in the solution (3). Based on the above results, it was suggested that the addition of tannic acid would help to improve the corrosion resistance of the PEO coatings by facilitating the formation of a relatively uniform thick coating by forming of magnesium–tannate complex.



Polyaspartic acid (PASP) is another organic additive that has been used as an environment-friendly corrosion inhibitor to protect Mg and its alloys from corrosion [67,68]. The influence of PASP concentration on the surface properties of AZ31 Mg alloy coated via PEO in alkaline-silicate electrolyte without and with various concentrations of PASP, such as 9.6, 19.2, 28.8, and 38.4 g/L was examined by Liu et al. [32]. The alkaline-silicate solution was prepared by mixing 45 g/L NaOH with 100 g/L Na2SiO3. The breakdown voltage and final voltage during PEO treatments were found to increase with the addition of the PASP additive into the alkaline-silicate electrolyte, except in the case of inclusion 38.4 g/L, which did not cause significant changes in values of these parameters. The thickness of the coatings was found to be 6.4, 7.5, 14.6, 23.5, and 16.2 µm for the coatings made in solutions with 0, 9.6, 19.2, 29.8, and 38.4 g/L of PASP, respectively. The differences in the values of cell voltages and thickness of the coatings would be related to the configuration/mode of adsorption. Three different modes, namely end-on, flat-on, or a combination of end-on and flat-on, were proposed to describe the adsorption of PASP on the substrate surface during the PEO process (Figure 5a). When the concentration of PASP in the electrolyte was 9.6 g/L, an end-on configuration mode was suggested by which PASP adsorbed on the surface of Mg alloy substrate through –COOH group in the form of ionic or covalent bonds. The flat-on mode would be applicable when the 38.4 g/L of PASP was added to the electrolyte, which led to the formation of complex compounds between the Mg alloy and PASP. The combination of end-on and flat-on modes were proposed in the case of the coatings produced at 19.2 and 29.8 g/L of PASP. This mode was found to be effective due to the formation of uniform and compact coatings as a result of developing low energetic plasma discharges during the PEO process (Figure 5b–g). The coatings produced from electrolytes with PASP were uniform, denser, and thicker than the counterparts produced in the electrolyte without PASP. The addition of PASP promoted the formation of MgO and Mg2SiO4 and the amounts of these phases become higher at 19.2 and 29.8 g/L. The polarization resistance (Rp) calculated from PDP tests in 3.5 wt.% NaCl solution was found to be 1.21 × 103, 1.292 × 103, 2.81 × 103, 1.92 × 103, 1.457 × 104 Ω·cm2 for the coatings obtained with 0, 9.6, 19.2, 28.8, and 38.4 g/L of PASP, respectively. This result suggested that the coatings obtained in electrolytes with PASP had a lower corrosion rate than those obtained in the electrolyte without PASP.



Ethylenediaminetetraacetic acid (EDTA) was also used as an electrolyte component to protect pure titanium and Mg alloys coated via PEO from corrosion [69,70]. For example, it was reported that the corrosion resistance of the PEO coatings made in a silicate-phosphate electrolyte with EDTA was higher than the counterpart made in a silicate-phosphate electrolyte with sodium tetraborate, which was attributed to the role of EDTA in facilitating the formation of a coating with a smaller pore size [71]. Rogov [72] exploited the inherent properties of EDTA to include various transition metals into the coating layers by reacting either metallic solid or salt with EDTA before PEO.



Among different organic acids used as additives during PEO, the EDTA would be the most promising additive due to the ability of this compound to form relatively stable complex compounds with metallic ions. However, detailed studies on the role of this additive and how the type of metallic cation is linked to EDTA, the effects of the number of protons dissolved from this additive on the pH, and the conductivity of the electrolyte would be needed as these parameters would affect the voltage-time response during PEO.




4.3. Organic Acid Salts


Sodium benzoate, C6H5COONa (NaBz), as an expensive eco-friendly organic additive has been utilized in many fields, such as food, medication, and corrosion [47,73]. The addition of the NaBz into the electrolyte during PEO coating was first reported by Liu et al. [74] who studied the effects of NaBz (0, 0.5, 1, 1.5, 2, 2.5, and 3 g/L) in an alkaline-borate electrolyte on the surface properties of PEO-coated AZ91D Mg alloy. The alkaline-borate electrolyte was composed of 60 g/L NaOH, 25 g/L Na2B4O7, and 20 g/L H3BO3. They showed that the addition of NaBz led to a decrease in the pore size and surface roughness. Furthermore, the addition of NaBz led to a significant increase in the corrosion protection of AZ91D films. The authors suggested that Bz− anions tended to adsorb on the surface of AZ91 Mg alloy during PEO and would combine with Mg2+ cations, which led to the formation of monolayer adsorption acting as an effective sparking inhibitor by reducing the intensity of strong plasma discharges. Similarly, Kaseem et al. [47] added 1 g/L NaBz into a base electrolyte composed of 5.61 g/L KOH and 4.098 g/L NaAlO2. They reported that the addition of NaBz into the electrolyte during PEO treatment of 6061 Al alloy helped to reduce the average size of micropores, porosity, and surface roughness of the coatings in comparison to the coating obtained in the electrolyte without NaBz. Besides, the compact microstructure obtained in the case of the sample coated with NaBz led to an increase in the amount of α-Al2O3 in the coating because a small surface area was exposed to the electrolyte solution at a slow cooling rate during solidification, which favored the formation of α-Al2O3. During the PEO process, when the sparks are quenched, the electrolyte solution is rushed into the micro-pore as the labyrinth in the coating so that the porous coating had a higher cooling rate due to the solution cooling. For this reason, the coating produced in the electrolyte without NaBz had lower fractions of α-Al2O3, i.e., it had higher fractions of γ-Al2O3. The corrosion behavior, evaluated by PDP and EIS tests in 3.5 wt.% NaCl solution indicated that the sample coated with NaBz had lower icorr, higher Ecorr, and larger impedance than the counterpart coated without NaBz. Therefore, the addition of NaBz to the electrolyte inhibited efficiently the corrosion of the Al alloy substrate.



Sodium oxalate with the formula Na2C2O4 (SOx) could also improve the corrosion resistance of metals through the formation of strong surface complexes inducing the passivation of the metallic surface [75]. As we described in Section 3, the addition of SOx and SCi together into the electrolyte improved the compactness of the PEO coating made on 6061 Mg alloys by inducing the formation of soft plasma discharges, which resulted in significant improvements in the corrosion performance of the coatings [54]. Although the addition of SOx alone improved the corrosion resistance of PEO coating as compared to the case without organic additives, the inclusion of SCi alone into the electrolyte led to a decrease in the corrosion resistance of the coating when compared to the sample coated without additives. The authors attributed this result to the role of citrate anions in the porosity of the coating by triggering the formation of strong plasma discharges [54].



In another study by Kaseem et al. [42], the porous structure obtained by PEO treatment of 7075 Al alloy in an alkaline-aluminate electrolyte (4 g/L KOH+ 3 g/L NaAlO2) tended to be changed into a compact structure upon addition 1 g/L SOx into the electrolyte during PEO, which led to a significant decrease of the corrosion rate (Figure 6). However, many cracks have appeared on the surface of the sample coated with SOx due to the stress developed by filling of the micro-pores as a result of the creation of an oxalate-adsorption layer on the surface of the coatings (Figure 6b). Such cracks were eliminated by further post-treatment in a solution containing oxalate anions (Figure 6c), resulting in a defect-free coating with excellent stability in 3.5 wt.% NaCl solution. Although sodium citrate dihydrate was used to formulate the electrolyte for the PEO process of AZ91 Mg alloy, its role in the morphology, composition, and corrosion behavior of the PEO coating was not reported [76].



In the work of Wang et al. [77], a complex electrolyte system composed of 13–17 g/L Na2SiO3, 9–15 g/L NaAlO2, 2–4 g/L Na2B4O4, 1–3 g/L NaOH, 3–7 mL/L GLY, and 3–7 g/L SCi was developed to improve the corrosion resistance of AZ91D Mg alloy in a 3.5 wt.% NaCl solution. However, the individual role of these additives was not discussed. According to Farhadi et al. [78] potassium stearate (C18H35KO2), prepared by the reaction of pure KOH with pre stearic acid, was dissolved in the electrolyte of PEO coating at 80 °C. Silicon nitride nanoparticles were added also to the electrolyte. The results indicated that the addition of C18H35KO2 into the electrolyte led to an increase in the contact angle to 130° while the corrosion rate of the coating decreased by up to 250-fold. This result was ascribed to the synergism between C18H35KO2 and silicon nitride, which increases the hydrophobicity property of the coating. On the other hand, a mixture of calcium acetate monohydrate and calcium glycerophosphate has been widely used as the base electrolyte during PEO treatment of Ti and Ti alloys as such electrolyte helped to incorporate Ca and P ions, which lead to the formation of hydroxyapatite (HA) in the coating, which is well known to have excellent bioactive properties [69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97].



As the organic salts have the ability not only to improve the corrosion resistance of Mg and Ti alloys but also to incorporate Ca and P elements, the PEO method using electrolyte-containing organic salts is considered a promising strategy for bio-implants owing to the combination of both biocompatible and better corrosion resistance coating.




4.4. Organic Amines


Hexamethylenetetramine (HMT), which is a safe soluble amine, was extensively employed during the PEO treatment of Mg [98,99,100]. For example, Bai and Chen [99] examined the influence of sodium borate (0.1 M) and HMT (0.1 M) as additives on the morphology and corrosion behavior of PEO coatings made on AZ91D Mg alloy utilizing an electrolyte composed of 1.5 M KOH, 0.04 M sodium citrate, 0.1 M H3PO4, and 0.08 M Na2SiO3. It was found that both additives led to a decrease in the breakdown voltage, pore size, and surface roughness of the coatings. The ability of HMT to reduce the thermal stress during the solidification of molten oxides led to the removal of cracks from the PEO-coated samples. In contrast, sodium borate only caused a slight change in the structure and composition of the PEO coatings. As a result, PDP tests in 5 wt.% NaCl solution indicated that both additives helped to improve the protective properties of PEO coatings. Gozuacik et al. [100] reported an increase in the pore size after the inclusion of HMT (2 g/L) into an alkaline silicate-fluoride solution (2 g/L KOH+ 1g/L KF+ 1.85 g/L Na2SiO3) during the PEO treatment of AZ91 Mg-alloy, accompanied by a reduction in the thickness of the coatings obtained in the solution without HMT. Echeverry-Rendon and co-workers [101] compared the corrosion behavior of pure magnesium coated via PEO utilizing alkaline-silicate electrolytes (0.07 M KOH + 0.1 M Na2SiO3) without and with separate addition of 0.2 M NaF, 0.05 M mannitol (MAN), and 0.07 M HMT. Figure 7a indicated that the addition of NaF to the alkaline-silicate electrolyte increases the electrolyte conductivity and reduces the intensity of plasma discharges, resulting in the formation of a compact coating on the surface of pure magnesium. In contrast, both organic additives resulted in the development of porous coating due to the gas evolved at the electrolyte-coating interface (Figure 7b,c). Such a porous structure is expected to facilitate the penetration of corrosive species through the PEO coating reaching the metallic substrate. The thickness of the coating was affected by the applied current density during PEO where the highest value of the thickness of ~12 µm was obtained in the sample treated in the electrolyte with HMT at a current density of ~167 mA/cm2. Echeverry-Rendon et al. [102] in another work reported that the two-step PEO treatment of pure Mg with HMT or MAN would lead to considerable improvements in the corrosion resistance for biomedical applications.



To improve the electrochemical stability of AZ31 Mg alloy, Pak et al. [38] added separately 0.02 M of APTMS, TEA, and GLY additives into the alkaline-silicate-fluoride electrolyte (3 g/L NaOH + 10 g/L Na2SiO3 + 1 g/L NaF) during PEO, and the results were compared to the case with no organic additives. Here, M-Coat refers to the sample coated in the alkaline-silicate-fluoride without additives while G-coat, T-coat, and A-coat describe the samples coated in the electrolyte with GLY, TEA, and APTMS, respectively. The coatings were mainly composed of MgO and Mg2SiO4, which indicated that the influence of organic additives on the composition of the coatings was insignificant. The A-coat sample had higher corrosion resistance than the T-coat and G-coat samples, which was attributed to the formation of a more uniform and compact coating with an Mg–O–Si bond with long aminopropyl chains. Although the pore size and crack levels in the T-coat sample were higher than that of G-Coat, the corrosion resistance of the coating with TEA was higher than that with GLY due to the higher thickness. In the work of Cai et al. [103], TEA was added to the electrolyte used during the PEO process of AZ91 Mg alloy. However, the role of TEA in this work was not discussed. The addition of tris(hydroxymethyl)aminomethane (HOCH2)3CNH2 into the alkaline-phosphate electrolyte during the PEO coating of titanium led to significant improvements in the protective properties in comparison to the untreated substrate or the coatings produced in the alkaline-phosphate electrolyte, with other additives, such as sodium sulfate, di-ammonium hydrogen phosphate, and ammonium acetate. This result was attributed to the role of the tris(hydroxymethyl)aminomethane additive in developing a less porous coating with a high content of the rutile phase. Tris(hydroxymethyl)aminomethane (C4H11NO3) into the alkaline-phosphate electrolyte during the PEO coating of titanium led to significant improvements in the protective properties in comparison to the untreated substrate or the coatings produced in the alkaline-phosphate electrolyte, with other additives, such as sodium sulfate, di-ammonium hydrogen phosphate, and ammonium acetate. This result was attributed to the role of the tris(hydroxymethyl)aminomethane additive in developing a less porous coating with a high content of the rutile phase.



Considering the low toxicity of the organic amines and their positive effects on the corrosion resistance of Mg alloys, these additives could be used for the modification of Mg alloy implants in biomedical fields. However, more studies must be done to explore the bioactive properties of the metallic alloys coated in electrolytes containing organic amines.




4.5. Aromatic Compounds


Aromatic additives usually improve the density of the coatings by slowing the reaction rate of metallic substrate and oxygen during the oxidation process, which makes the coating grow slowly and stably. One of the aromatic compounds that worked as a corrosion inhibitor of metals is 8-hydroxyquinoline (8-HQ). The ability of 8-HQ to form a stable complex of Mg(HQ)2 with Mg2+ ions was exploited by several research groups to design a new electrolyte system for PEO coatings. According to Zhang et al. [104], a series of PEO coatings was prepared on AZ91 Mg alloy by utilizing an alkaline-silicate electrolyte without and with the addition of various concentrations 8-HQ, such as 2, 5, and 8 g/L. The current density, frequency, duty cycle, and coating time during PEO treatments were adjusted to be 40 mA/cm2, 2000 Hz, 20%, and 3 min, respectively. The addition of 8HQ into silicate solution during PEO decreased the electrolyte conductivity and promoted coating formation [104]. The addition of this additive to the PEO electrolyte led to the formation of insoluble Mg(HQ)2 and a decrease in pore size. An increase in the final voltage accompanied by the formation of strong plasma discharges was observed when the content of 8-HQ was increased from 2 to 8 g/L. Such strong plasma discharges would induce the formation of MgAl2O4 through the reaction between MgO and Al2O3. Thus, MgO, Mg2SiO4, and MgAl2O4 were the main phases in the coating produced with 5 g/L 8-HQ while Mg2SiO4 and MgAl2O4 were the compositions of the coating obtained with 8 g/L 8-HQ, which showed a decrease in the thickness. The homogeneity of the coatings was improved when PEO was performed in the electrolyte with 2g/L 8-HQ, which helped to reduce the size of micropores. In contrast, heterogeneous coatings were obtained by PEO treatment in electrolytes with 5 and 8 g/L 8-HQ. The corrosion behavior of the coatings obtained in electrolytes containing 0, 2, 5, and 8 g/L 8-HQ was examined by PDP tests in a 3.5% NaCl solution. The electrochemical parameters namely Ecorr and icorr for the coating obtained in the alkaline-silicate electrolyte without 8-HQ were calculated to be −1.528 V vs. SCE and 40.0 µA/cm2, respectively. The addition of 2 g/L of 8-HQ to the electrolyte led to the formation of the most protective coating with values of −1.480 V vs. SCE and 2.2 µA/cm2 for Ecorr and icorr, respectively. Although the addition of 5 and 8 g/L of 8-HQ coating led to an increase in the corrosion resistance of PEO coatings in comparison to that obtained in the electrolyte without 8-HQ, their effects on the corrosion resistance were less when compared to the coating obtained with 2 g/L of 8-HQ. The improved corrosion resistance in the coating obtained with 2 g/L of 8-HQ was attributed to the uniform, compact structure with less porosity, which prevented the corrosive species from reaching the substrate.



Guo et al. [41] examined the impacts of benzotriazole (BTA) on the coating properties of the PEO-coated AZ31B Mg alloy. The base electrolyte is composed of 60 g/L KOH, 70 g/L Na2SiO3, 60 g/L Na2B4O7, and 30 g/L Na2CO3 while the concentration of BTA added to the base electrolyte was varied to be 0, 3, 5, and 10 g/L. The results indicated that a BTA adsorption layer tended to be created on the substrate surface. The variations in the concentration of BTA (0, 3, 5, and 10 g/L) during PEO led to significant changes in the surface properties of the coatings. However, the coating produced with 5 g/L BTA exhibited superior corrosion resistance to other coatings, which was linked to the fact that the inclusion of 5 g/L BTA to the electrolyte during PEO would induce the formation of a compact and thick coating. Recently, Kaseem et al. [105] reported that designing an electrolyte system composed of 5 g/L BTA and 5 g/L phosphate ions led to great enhancements in the electrochemical stability of PEO coatings made on Al alloy.



Based on the successful utilization of 8-HQ and BTA as organic inhibitors during PEO treatment of Mg alloys, one can think of other types of aromatic inhibitors that are more environmentally friendly, with better corrosion performance and the ability to form stable complexes with metallic ions, compared to 8-HQ and BTA. Finding new inhibitors containing aromatic groups would facilitate the transition to the soft plasma regime and, in turn, compact coatings with better protective properties can be developed.




4.6. Carbohydrate Compounds


Starch and is a natural and non-toxic substance, which consists of two major components: amylose and amylopectin [106]. Since starch contains many −OH functional groups, the inclusion of starch into the electrolyte of the PEO process led to a reduction in the porosity of the coatings by altering the characteristics of plasma discharges. For instance, Kaseem and Ko [39] reported that the corrosion resistance of 6061 Al alloy could be greatly increased by PEO treatment in an alkaline-borate electrolyte alkaline-borate electrolyte (12 g/L NaOH + 9.53 g/L Na2B4O7) with 5 g/L starch. This result was linked to the role of starch in developing a thick compact coating containing a high fraction of α-Al2O3, which is well known to have higher chemical stability than γ-Al2O3, which is the main phase in the coating obtained in the electrolyte without starch. The formation mechanism of the coatings obtained in the electrolyte without and with starch is shown in Figure 8. As indicated in Figure 8, the adsorption of starch molecules on the substrate surface led to the deposition of a thick jelly layer on the top of the barrier layer that formed during the conventional anodizing stage. During the fixed coating (5 min), the formation of the jelly layer would reduce the intensity of the plasma discharges, which became weaker and uniform, resulting in the formation of a compact coating with fewer structural defects. The role of starch in improving the protective properties of light metals was also examined by Khorasanian et al. [107] who demonstrated that the inclusion of 25 g/L starch into the electrolyte (30 g/L NaCl + 10 g/L NaOH+ 25 g/L Na2SiO3 + 15 g/L H2O2) during PEO treatment of Ti alloy can help to form a thicker and more protective coating compared to that produced in an electrolyte without starch. Furthermore, Fang et al. [40], stated that PEO coating made on AZ31 Mg alloy utilizing an alkaline-silicate-borax electrolyte with starch had a higher corrosion resistance than the counterpart coated in the electrolyte without starch.



Tu et al. [108] studied the protective properties of PEO coating made on AZ31 Mg alloy in an alkaline-silicate-borate electrolyte (45 g/L NaOH, 70 g/L Na2SiO3, and 90 g/L Na2B4O7) system without and with 5, 10, 15 g/L sucrose. Regardless of sucrose concentrations, the coatings were composed of MgSiO3 and Mg2SiO4, indicating that sucrose did not affect the composition of the coatings. The morphological results implied that increasing the concentration of sucrose in the electrolyte from 5 to 10 g/L improved the compactness and uniformity of the coatings while the inclusion of 15 g/L of sucrose did not cause a significant change in the morphology of the coatings in comparison to the case when 10 g/L of sucrose was added. As a result, the sample coated with 10 g/L sucrose exhibited the lowest corrosion rate with a low icorr and a high Rp.



Although starch and sucrose have been approved to improve the protective properties of metallic alloys, more studies should be done to understand the complex PEO process in the presence of such additives. For example, understanding the correlation between starch gelatinization and characteristics of the PEO process would be needed. As the electrolyte temperature during PEO would affect the gelatinization phenomenon of starch, carrying out the PEO process in starch electrolytes with different temperatures would be important to understand the role of this additive, which can stabilize the electrolyte solution.




4.7. Surfactants


Various types of surfactants can be used during PEO to enhance the quality of the obtained coatings. For example, different surfactants, such as dodecyl sodium sulfate, diphenylamine-4-sulfonic acid sodium, and dodecyl phenyl sodium sulfonate were added to the alkaline-silicate-fluoride-glycerol containing electrolyte during the PEO treatment of AZ31B Mg alloy [109]. In this regard, 0.25 M of surfactants was added to the electrolyte solution composed of 6 g/L Na2SiO3, 2 g/L KF, 2 g/L KOH, and 10 mL/L GLY. As the addition of surfactants did not affect the electrolyte conductivity, no changes in the voltage-time response were reported. During PEO, with the onset of plasma discharges, adsorption of a large number of oxygen molecules and their periodical removal would occur on the substrate surface. The diameter and the adsorption intensity of oxygen bubbles had a considerable impact on the morphology of the coatings. The inclusion of these surfactants alters the interfacial tension, reduces the contact angle and diameter of the oxygen bubbles, and, enables an easy release of oxygen so that the resultant coatings have lower porosity and better quality. Recently, An et al. [110] postulated that the addition of sodium dodecyl sulfate along with TiC and PEG6000 into the electrolyte during the PEO process of AZ91 Mg alloy would enable the formation of a compact coating with improved corrosion resistance. Although the surfactants helped to reduce the size of micropores of the PEO coatings, their effects on the protective properties of PEO coatings and protection mechanism are still undocumented due to the limited number of studies on such compounds in the PEO field.



For a better understanding of the roles of organic compounds added to the electrolyte during PEO treatment, the changes in thickness, surface roughness, sparking behavior, and corrosion resistance in the presence of organic additives are summed up in Table 1. The general conclusion that could be derived from Table 1 is that the addition of organic additives suppressed the strong plasma discharges, reduced the surface roughness, increased the coating thickness, and improved the protective properties of the PEO coatings made on the metallic substrates and their alloys.





5. Conclusions and Outlook


According to the experimental results highlighted above, it can be stated that the manipulation of the electrolyte composition used during PEO by adding organic additives can provide an effective approach to optimize the surface properties of PEO coatings. Although the main role of organic additives is modifying the morphology of PEO coatings by altering the characteristics of plasma discharges, some changes in the composition of the coatings were reported. Some organic additives affect the voltage-time response during PEO and trigger the fast development of an EDL after disruption by plasma discharges, leading to the formation of compact coatings by facilitating the transition of the soft plasma discharge region. Although organic additives discussed in the present work improved the protective properties of metals to some extent, new additives that are cheaper and more environmentally friendly must be developed. Following the research direction on the addition of organic additives to electrolytes during PEO, future works should aim to improve the compactness of the coating for structural applications and increased the surface area, as well as decorate the matrix of the oxide layer with suitable dopants through the utilization of inorganic electrolytes. Besides, the reaction mechanisms of organic additives during PEO are still underrepresented in the literature and require further study. Moreover, since some research groups studied the effects of organic additives in generating soft plasma discharges, further investigation needs to be carried out to systematically investigate the relationship between the electrolyte species, electrochemical reactions, plasma characteristics, and microstructures of the coatings. Since organic compounds usually have low melting points, their effect might be different from inorganic compounds. Thus, calculations of frontier molecular orbitals should be conducted before the PEO process.
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Figure 1. (a) Voltage-time curves of AZ31 Mg alloy coated via plasma electrolytic oxidation (PEO) in electrolytes without and with organic additives, such as ethanol (EtOH), ethylene glycol (EG), and glycerol (GLY). [46] (b) Voltage-time curves of 6061 Al alloy coated in the electrolytes without and with NaBz. Reprinted from permission from [47]. Copyright 2015 Elsevier 
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Figure 2. (a) Voltage-time response of the PEO process performed in the alkaline-silicate electrolyte with nitrilotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA), and diethylenetriaminepentaacetic acid (DTPA). Insets are the appearance of plasma discharges at the end of stage I (~20 s), stage II (~60 s), and stage III (~300 s). (b) SEM images showing the surface morphologies of the coatings produced in electrolytes with NTA, EDTA, and DTPA. (c) Schematic illustration showing the reconstruction of an electrical double layer (EDL) in electrolytes containing NTA, EDTA, and DTPA and their effects on the generation of soft plasma discharges underlying the formation of PEO coatings. Reprinted from permission from [55]. Copyright 2020 Elsevier. 
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Figure 3. Schematic illustration of the SiO32− distribution at anode/electrolyte interface in two different electrolytes at the primary stages of the PEO treatment. (a) In a basic electrolyte, (b) in a basic electrolyte with GLY, (c) discharge mechanism of a basic electrolyte, (d) discharge mechanism of an electrolyte with GLY. Reprinted from permission from [60]. Copyright 2011 Royal Society of Chemistry. 
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Figure 4. (a) The forming process of Mg alloy in tannic acid during PEO process. (b) potentiodynamic polarization (PDP) results for the coatings obtained in solutions 1, 2, and 3. Reprinted from permission from [66]. Copyright 2012 Elsevier. 
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Figure 5. (a) The plausible adsorption configurations modes of polyaspartic acid (PASP) on the substrate surface during PEO. (b–g) The surface morphologies of the coatings obtained in electrolytes with different concentrations of PASP: (b) 0 g/L; (c) 9.6 g/L; (d) 19.2 g/L; (e) 28.8 g/L; (f) and (g) 38.4 g/L. Reprinted from permission from [32]. Copyright 2011 Elsevier. 
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Figure 6. (a,b) SEM images of the PEO coatings produced in an electrolyte without SOx and with SOx, respectively. (c) SEM image of the PEO coating produced in the electrolyte with SOx followed by post-treatment in a SOx solution. The insets show the corresponding cross-sectional images. Reprinted from permission from [42]. Copyright 2015 Royal Society of Chemistry. 
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Figure 7. (a–c) SEM images of the PEO coatings made on pure magnesium from electrolyte (a) with NaF, (b) with hexamethylenetetramine (HMT), and (c) with mannitol (MAN). Reprinted from permission from [101]. Copyright 2018 Elsevier. 
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Figure 8. Schematic diagrams showing the formation mechanism for the coatings obtained in an electrolyte without and with starch. A jelly layer was formed in the case of electrolyte-containing starch, leading to generate uniform fine plasma sparks responsible for the formation of a relatively thick layer with fewer structural defects. Reprinted from permission from [39]. Copyright 2019 Elsevier. 
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Table 1. Effects of organic additive on the performance of PEO coatings deposited on Mg and its alloys. The influence of organic additives on the properties of PEO coatings made on Al alloys are also presented.
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Substrate

	
Base Electrolyte

	
Organic Additive

	
Content

	
Effect




	
Thickness

	
Roughness

	
Corrosion Resistance

	
Preventing

Sparks

	
Ref.






	
AZ91 Mg

	
Silicate

	
Glycerol

	
4 mL/L

	
Dec

	
Dec

	
Inc

	
Yes

	
[58]




	
AZ31 Mg

	
Phosphate

	
Glycerol

	
5 mL/L

	
In

	
Dec

	
In

	
Yes

	
[46]




	
ZK60

	
NH4HF2

	
Glycerol

	
5–15 mL/L

	
In

	
Dec

	
In

	
Yes

	
[59]




	
ZK60

	
Alkaline-silicate-fluoride

	
Glycerol

	
50–200 mL

	
In

	
Un

	
In

	
Yes

	
[60]




	
Pure Mg

	
Alkaline-silicate

	
Mannitol

	
0.05 M

	
In

	
Dec

	
In

	
Un

	
[102]




	
AZ31 Mg

	
Silicate-borax

	
Ethylene glycol

	
10 g/L

	
Inc

	
Dec

	
Inc

	
Yes

	
[44]




	
AZ91 Mg

	
Alkaline

	
Phytic acid

	
8.0 g/L

	
Un

	
Un

	
In

	
Yes

	
[43]




	
AZ91 Mg

	
Alkaline-silicate

	
Phytic acid

	
12 g/L

	
Dec

	
Dec

	
IN

	
Yes

	
[61]




	
AZ91 Mg

	
Alkaline

	
Phytic acid

	
12 g/L

	
No change

	
Un

	
In

	
Un

	
[62]




	
AZ91 Mg

	
silicate

	
Tannic acid

	
4.0 g/L

	
Inc

	
Un

	
In

	
Yes

	
[66]




	
AZ91 Mg

	
Alkaline-borate

	
Terephthalic acid

	
1–3 g/L

	
Dec

	
De

	
In

	
Yes

	
[62,63]




	
AZ91 Mg

	
Borate

	
Terephthalic acid

	
2 g/L

	
Un

	
Un

	
In

	
Un

	
[64]




	
Mg-Li

	
Silicate-borax

	
Aminoacetic acid

	
6.0 g/L

	
In

	
Dec

	
In

	
Yes

	
[111]




	
AZ31 Mg

	
silicate

	
Polyaspartic acid

	
19.2–28.8 g/L

	
Un

	
Dec

	
In

	
Yes

	
[32]




	
AZ31 Mg

	
silicate

	
Citric acid

	
12 g/L

	
Un

	
Dec

	
In

	
Yes

	
[112]




	
AZ31 Mg

	
silicate

	
EDTA

	
0.03 M

	
Inc

	
Un

	
In

	
Yes

	
[113]




	
6061 Al

	
Alkaline-silicate

	
Cu-EDTA

	
1 g/L

	
In

	
Un

	
In

	
Yes

	
[53,55]




	
ZK60

	
Silicate-borax

	
Trisodium citrate

	
10 g/L

	
Dec

	
Un

	
In

	
Yes

	
[114]




	
AZ40M

	
phosphate

	
Ferric citrate

	
15 g/L

	
Inc

	
Un

	
In

	
Un

	
[115]




	
7075 Al

	
Alkaline-aluminate

	
Sodium oxalate

	
1 g/L

	
No change

	
Un

	
In

	
Yes

	
[42]




	
6061 Al

	
Alkaline-aluminate

	
sodium benzoate

	
1 g/L

	
No change

	
Dec

	
In

	
Un

	
[47]




	
AZ91 Mg

	
Alkaline- borate

	
sodium benzoate

	
1–3 g/L

	
Dec

	
Dec

	
In

	
Yes

	
[74]




	
6061 Al

	
Alkaline-borate

	
Sodium oxalate+ sodium citrate

	
1 g/L

	
In

	
Dec

	
In

	
Yes

	
[54]




	
AZ31 Mg

	
silicate

	
Sodium citrate

	
0.5 g/L

	
Dec

	
Un

	
Dec

	
Yes

	
[116]




	
AZ31 Mg

	
silicate

	
EDTA-2Na

	
1 g/L

	
Dec

	
Un

	
Dec

	
Yes

	
[116]




	
AZ31 Mg

	
silicate

	
L-Ornithine acetate

	
0.03 M

	
In

	
Un

	
In

	
Yes

	
[117]




	
AZ91 Mg

	
borax

	
Potassium biphthalate

	
4 g/L

	
Dec

	
Dec

	
In

	
Yes

	
[118]




	
AZ91 Mg

	
Silicate-phosphate

	
HMTA

	
0.1 M

	
Un

	
Un

	
In

	
Yes

	
[99]




	
AZ91 Mg

	
Alkaline-fluoride-silicate

	
HMTA

	
2 and 10 g/L

	
Dec

	
Un

	
In

	
Yes

	
[100]




	
AZ91 Mg

	
Silicate-borax

	
Triethanolamine

	
30 g/L

	
Un

	
Dec

	
In

	
Yes

	
[119]




	
AZ91 Mg

	
Phosphate

	
Triethylamine

	
40–60 g/L

	
Un

	
Un

	
In

	
Yes

	
[120,121]




	
AZ91 Mg

	
Phosphate

	
Diethylenetriamine

	
0.5 M

	
Un

	
Un

	
In

	
Yes

	
[112,122]




	
AZ91 Mg

	
Silicate-phosphate

	
N,N,N’,N’-Tetramethylethy-

lenediamine

	
0.1 M

	
Un

	
Dec

	
In

	
Yes

	
[99]




	
AZ31 Mg

	
Silicate

	
Glucose

	
10 g/L

	
In

	
Dec

	
In

	
Yes

	
[123]




	
AZ31 Mg

	
silicate

	
Sucrose

	
10 g/L

	
Un

	
Dec

	
In

	
Yes

	
[108]




	
6061 Al

	
Alkaline-borate

	
Starch

	
5 g/L

	
In

	
Un

	
In

	
Yes

	
[39]




	
AZ31 Mg

	
Alkaline-silicate-borate

	
Starch

	
10 g/L

	
Un

	
Un

	
In

	
Yes

	
[40]




	
AZ31 Mg

	
silicate

	
Benzotriazole

	
5 g/L

	
In

	
Dec

	
In

	
Yes

	
[41]




	
6061 Al

	
Alkaline-silicate-phosphate

	
Benzotriazole

	
5 g/L

	
In

	
Un

	
In

	
Un

	
[105]




	
AZ91 Mg

	
silicate

	
8-Hydroxyquinoline

	
2 g/L

	
In

	
Un

	
In

	
Yes

	
[104]




	
AZ31 Mg

	
Silicate

	
KH-550 (siloxane)

	
2 g/L

	
In

	
Dec

	
In

	
Yes

	
[124]




	
AZ31 Mg

	
Phosphate

	
polytetrafluoroethylene

	
18 g/L

	
Dec

	
Un

	
In

	
No

	
[125]




	
AZ31 Mg

	
Alkaline-silicate-fluoride

	
Dodecyl sodium sulfate

	
0.25 g/L

	
No change

	
Un

	
In

	
Un

	
[110]








Note: In = increase, De = decrease, Un = un available.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
(a) l" ' L | T L) ) lI
350
2
) 300
(®))
(T
=
O
> it ot p
— 250 ey o@, ._ P--Q’
) T 4 is 5. ,‘
@
@bd. -id. "
2004 rapld formatlon of EDL
‘soft’ plasma
» @D
0OF

0 . 50 . 100 . 150 . 200 . 250 l 300






nav.xhtml


  coatings-11-00374


  
    		
      coatings-11-00374
    


  




  





media/file16.png
@®B,0,> e HO ¢ OH o 0, *slarch granule*spark

barrier laxer .. ?. (@] -

Jelly layer
74

substrate

Without starch With starch





media/file2.png
Voltage / V

400

300

200

100

0

a_a A 4 & & 2 4 2 & 2 & &2 & § 2 2 2 4 & 3 52 32 2 |} 2 32 2 42

0

5 10 15 20 25
Anodization time / min

30

Coating voltage / V

breakdown voltage

sample: 6061 Al alloy
current density:100 mA/cm”
frequency: 60 Hz

coating time: 180 sec i}
—O— Bath A
—@®— Balh B
] . ] . —" 1 . 1 . ] 1
25 50 75 100 125 150 175

Coating time /s

200





media/file5.jpg
® SIO(OH);"
© SI0:OH);"
oo
oo
©CiHO;
oF

@0

Magnesium alloy






media/file3.jpg
)

[]

Cell voltage (V)

l

Time (s)

®






media/file1.jpg
Voltage / V

Coating voltage 1V

5 10 15 20 25
Anodtaatioe thi 15

30

Coating time /'





media/file7.jpg





media/file10.png
(a) PASP

y

_{:’— "I > FAFEES
T, / : / .rf / f;xf ;f ff

End-on adsorption End-on and flat-on Flat-on adsorption
adsorption






media/file12.png





media/file9.jpg
Az

. oy

A Y

/ iy,

End-on adsorption End-on and flat-on Flat-on adsorption
adsorption

()
g

| ©






media/file0.png





media/file14.png





media/file8.png
HOOC

oG

HO

HO

QOH
+ NHO0— |, Hooc
OH
OH
Mic-arcoxidation
OH - HOOC
OH
CH

CH

OH + MQQI—D— HO

OH

HO

HO

HO

HO

HO

OH

Log(Current/A/cm?)

—a— Substrate
—=e— Solution 1
—&— Solution 2
—v— Solution 3

. I K I . 1 = ] . I . | g I
17 16 15 14 13 12 11
Potential/V






media/file11.jpg





media/file6.png
Magnesium
alloy

(a)

PEO
Coating

Magnesium alloy

Magnesium
alloy

(d)

%
ce :
. ® @ SiO(OH);y
@9
o o @ ® Si0,(OH),™
g " - @ H,0
B ) & o OH
[ i ® ® C;H;0;
o © " OF
& @ 0O;
@, ® o,
Q,, & Q,,
5 OH" o HO
] ° o ©® &
'y A o ®

Magnesium alloy






media/file15.jpg
®B,07" ¢ H,0 * OH' o0, J starch granule i spark

g o o 3. 516
barrier ayer st [ 2 2 8o Jelly layer

‘substrate substrate

8

e

substrate

‘With starch





