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Abstract

:

Plasma electrolytic oxidation (PEO) in an alkaline silicate electrolyte containing nanosized sepiolite fibers was carried out on magnesium alloy AZ31. The mineral fibers were loaded with different corrosion inhibitors and incorporated in situ during the PEO treatment. The composition and microstructure of the PEO coatings were investigated by SEM. It was shown that the fibers are located on the surface as well as inside the “weak spots” of the coating, i.e., pores and discharge channels. The fixation of the particles is caused by sintering due to the heat developed during the PEO treatment. Investigations using electrochemical impedance spectroscopy and linear sweep voltammetry in 0.01 M NaCl solution confirmed an improvement of the corrosion protection. The use of the inhibitors shifts the critical pitting potential in the anodic direction. Regarding efficiency, cerium-loaded sepiolite showed the best behavior by shifting the pitting potential by +0.9 V.
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1. Introduction


Magnesium is a lightweight construction material with beneficial mechanical properties and low density, rendering it attractive to aerospace and automotive applications [1]. Its increased use would contribute significantly to a reduction in fuel consumption and hence CO2 emissions. However, due to the low standard potential of −2.372 V vs. SHE, it is very susceptible to corrosion [2]. Although a native oxide film is formed, the unfavorable Pilling–Bedworth ratio of 0.81 results in a mechanically unstable oxide [3]. The comparatively small passive range also precludes possible wide range applications [4]. Furthermore, magnesium compounds are soluble below pH 12 and permeable to water and hence not protective [5,6,7].



Plasma electrolytic oxidation (PEO) competes with other protection methods, like the formation of conversion layers, PVD/CVD, coating with polymers, or conventional anodizing. The formation of conversion layers has often been achieved with chromate, but this is toxic. PVD/CVD techniques are expensive and offer little protection against corrosion. Coating with polymers also offers only little protection due to the low hardness and thermal stability, so it is often used as a post-treatment for PEO. Passivation is more useful on Al and Ti substrates; on Mg alloys the protection is very weak. The PEO forms stable ceramic layers with better corrosion protection compared to the other techniques. Many PEO electrolyte systems for magnesium are known. Most use fluoride, chromate, aluminate, phosphate, silicate, titanium, or zirconium salts. Fluoride and chromate are not used due to their toxicity. Titanium and zirconium salts are not used due their relatively high price. Aluminate and phosphate require higher voltages for the PEO [8,9,10,11,12,13]. A silicate-based electrolyte was therefore used in this work. PEO is commonly used to protect magnesium from corrosion and the formation mechanism is well investigated [14,15]. This technique is mainly used for Mg, Al, and Ti alloys. A major difference from standard passivation techniques is the use of high voltages for the creation of plasma electrolytic discharges, which provide a plasma-assisted electrochemical conversion of the surface metal into a ceramic magnesia layer. PEO coatings generally provide good corrosion and wear protection; however, process-inherent discharge channels, pores, or cracks can be considered as weak points. Therefore, several attempts have been made to investigate the use of inhibitor-loaded nanocontainers, which were applied to magnesium in addition to polymer protective layers, sol–gel layers, or after the PEO procedure, even without the use of nanocontainers [16,17,18,19,20,21,22,23,24,25]. Likewise, numerous publications suggest the incorporation of nanoparticles without the inhibitors into PEO layers to improve the mechanical properties and/or the corrosion behavior, e.g., WO3, TiO2 Y2O3, Sb2O3, SiC, TiC, WS2, TiN [26,27,28,29,30,31,32]. Studies applying an in situ incorporation of inhibitor-loaded nanocontainers during PEO treatment are comparatively rare, e.g., halloysite nanotubes loaded with benzotriazole, molybdate, vanadate, or 8-hydroxychinoline [33,34] and zeolites loaded with cerium ions [35]. One reason may be the concern about high local temperatures during the plasma discharges, which might destroy organic inhibitors.



To protect magnesium against corrosion, inhibitors can be used to reduce the corrosion reaction. Inhibitors can be classified into different types. The main types are adsorption inhibitors and film-forming inhibitors. The adsorption-type inhibitors adsorb directly to the metal or the hydroxide layer. The adsorption leads to a displacement of water molecules and harmful ions, like chlorides from the surface. There are two types of film-forming inhibitors, passivating inhibitors and precipitation inhibitors. What is common to both is the capability of forming a barrier layer, which is widely used, e.g., for conversion coatings [36,37,38]. Table 1 shows some selected inhibitors by their main protection mechanism on magnesium. Anionic surfactants work mainly as adsorption-type inhibitors, but some of them will also form a precipitation layer, reacting with the magnesium ions. Numerous inhibitors have been tested for their effectiveness on various magnesium alloys [39,40]. Due to the alkalization at the magnesium surface, it may be hard to distinguish between non-oxidizing and precipitation inhibition. Thus, there is no distinction between the two in Table 1.



In this study neutralized phosphate esters were used because of their good inhibiting properties and temperature stability [43,45]. In addition, phosphate esters with 2-ethylhexyl groups are relatively stable to hydrolysis [45] and cost-efficient. Additionally, cerium(III) ions and an oxidation product of 1-dodedylamine are investigated in this study.



The mineral sepiolite was selected as a cheap nanocontainer carrying the corrosion inhibitors. It is a layered silicate with alternating layers [46]. This special structure yields excellent sorptive, adsorptive, and absorptive properties [47]. For this reason, sepiolite is used in both its modified and unmodified forms in numerous fields such as the food industry and chemical cleaning [48,49]. There are numerous deposits of sepiolite worldwide; thus, shortages are not expected [50].



This study investigates the in situ incorporation of inhibitor-loaded sepiolite as nanocontainers for inhibitors on Mg AZ31 and its influence on the resulting corrosion properties, suggesting that the corrosion resistance of the PEO layer can be significantly improved.




2. Materials and Methods


2.1. Loading of Sepiolite with Inhibitors


The sepiolite (Sigma Aldrich, MA, SUA the fibers are a few micrometers in length and around 40 nm in diameter) was loaded with ions by ion exchange or with organic molecules by filling its tunnel structure. Since the tunnel structure is covered with water molecules, the sepiolite was dried in a drying cabinet at 150 °C before loading.



The following compounds were chosen as inhibitors:




	
Cerium(III) ions



	
Phosphate ester



	
Oxidized 1-dodecylamine (1-nitrododecane)








For loading with cerium, first, the maximum loading capacity was determined. For this purpose, 1 g of sepiolite (Sigma Aldrich) was mixed with 100 mL of water of different concentrations of cerium nitrate (Acros Organics, Geel, Belgium). The cerium concentrations were 50, 100, 200, 500, 1000, and 2000 mg/L. These solutions were stirred with the sepiolite for 48 h while the solution was covered to prevent water evaporation. Then the cerium concentration was determined using ICP-MS. The maximum loading capacity in natural sepiolite was determined at 6.2 mg/g cerium ions.



Another class of inhibitors used here are tris(2-ethylhexyl) phosphate and Apricon OPE (Stockmeier Chemie, Bielefeld, Germany) as a 2-ethylhexyl ester. The tris (2-ethylhexyl) phosphate itself is not an inhibitor as a chargeless molecule, i.e., there are no surface-active groups. However, as a result of slow hydrolysis, it can react to active bis- and monoesters (Figure 1).



A total of 30 g/L of tris (2-ethylhexyl) phosphate (Merck, Darmstadt, Germany) was dissolved in petroleum ether 40/60. To the solution 150 g/L of dried sepiolite was added and stirred. The petroleum ether was then distilled off and the sepiolite was dried.



Apricon OPE (Stockmeier Chemie) is a mono bis ester mixture of 2-ethylhexyl phosphate. This acidic product was neutralized first. Since its water solubility is very high, it was incorporated into the sepiolite together with the tris(2-ethylhexyl) phosphate. 10 g/L Apricon OPE were dissolved in water and 3.5 g/L KOH (Merck Germany) were added, then the solution was dried and vacuum dried until a waxy product was formed. Totals of 20 g/L of neutralized Apricon OPE (dry) and 20 g/L of tris(2-ethylhexyl) phosphate were mixed and dissolved in ethanol. To the solution 200 g/L of dried sepiolite was added. After stirring, the alcohol was distilled off and the sepiolite was vacuum dried.



Since nitrate is often named as a good inhibitor, an attempt was made to create a storable form of it. In this case, an attempt was made to synthesize 1-nitrododecane, which can be stored in the sepiolite due to its limited water solubility. The starting point for the synthesis was 1-dodecylamine (Merck Germany), which was oxidized using sodium persulfate (Merck Germany). A total of 100 g/L 1-dodecylamine was added to deionized water containing 400 g/L sodium persulphate. The solution was stirred at 40 °C for a total time of 48 h until the pH dropped to 4. The solution was neutralized with KOH and stirred again at 40 °C. According to [51], the oxidation reaction should take place in the two steps schematically shown in Figure 2b.



Since acidic compounds are formed according to the reaction equations and the alkyl nitrate has a high acidity, the drop in the pH value indicated the progress of the reaction and also the formation of the nitro group (Figure 2a). A total of 30 g/L of the reaction product was dissolved in a mixture consisting of 70 mL/L acetone (Merck Germany), 30 mL/L distilled water, and 900 mL/L triethylamine (Merck Germany). To the solution 150 g/L of dried sepiolite was added and stirred. The solvent was then distilled off and the sepiolite was dried.



For the reader’s convenience, the following nomenclature is used in the results and discussion parts accordingly (Table 2).




2.2. Suspension Stability


The suspension stability tests were performed to assess the speed of phase separation when sepiolite was added to the PEO electrolyte. A total of 5 g/L of loaded or unloaded sepiolite was added to the electrolyte (10 g/L KOH (Merck Germany); 10 g/L Na2SiO3 (Sigma Aldrich)). The mixture was dispersed in an RZ3 glass rosette cell with ultrasound treatment for 10 min. Here, the ultrasonic finger Bandelin HD 2200 Sonoplus was used, which was operated at 60% of the device power (120 W). The dispersion was filled into a glass cylinder, enabling the quantification of the phase separation. The actual height h of the nearly particle-free phase boundary was determined weekly over a period of 28 days and compared to the initial height h0 to estimate the suspension stability.




2.3. Leaching Tests


The leaching test was established to assess the amount of phosphorus inhibitors released into the electrolyte by sepiolite C and sepiolite D. The measurements were carried out using mass spectrometry with inductively coupled plasma (ICP-MS). The samples of the electrolyte were analyzed regarding the phosphorus concentration. The PEO electrolyte with cerium as an inhibitor on sepiolite was not tested since it can be assumed that cerium does not dissolve in a strongly alkaline environment.



For the measurement, the PEO electrolyte was mixed with 5 g/L of the loaded sepiolite (C and D) and dispersed for 10 min using a Bandelin HD 2200 Sonoplus ultrasonic device with ultrasonic finger operating at 120 W. Volumes of 10 mL of the electrolyte were removed in the initial state and after 1, 2, 3 and 7 days were placed in centrifuge tubes. Immediately after the sample was taken, the sepiolite was centrifuged off to prevent further inhibitor release.




2.4. Plasma Electrolytic Oxidation


For the PEO process, rectangular magnesium AZ31 sheets (70 mm × 20 mm × 1.8 mm) were cleaned with Gardoclean® S5165 (Chemetall, Budapest, Hungary) and pickled with Gardoclean® T5491 (Chemetall). Between the pretreatment steps the sheets were rinsed with distilled water. The sheets were installed in an additively manufactured acrylic sample holder to achieve a constant sample area of 6.6 cm2. The nominal chemical composition of the material is shown in Table 3. The PEO electrolyte used consisted of 10 g/L KOH (Merck Germany) and 10 g/L Na2SiO3 (Sigma Aldrich) with a conductivity of 54 mS cm−1 measured by the handheld conductivity measuring device 304 series from VWR. The electrolyte temperature was kept constant at 20 °C using a Lauda Ecoline Staredition RE207 thermostat. Platinized titanium served as the counter electrode. The PEO tests were run on a DC power supply EA-PS 8720-15 (Elektro-Automatik GmbH, Viersen, Germany). The current regime used is shown in Figure 3. The PEO process started with an initial ramp of 10 s until a current density of 20 mAcm−2 was reached, afterward pulsing sets in with pulse durations of toff = 1 s (j = 0 mAcm−2) and ton = 0.5 s (20 mAcm−2). The PEO process lasted 1000 s in total.



The PEO mode had already been used in earlier studies by the authors (see, inter alia, M. Schneider et al. [52]) and results in thin (1–3 µm) open porous PEO layers, which should be suitable to study the effect of the additional active corrosion protection by incorporated inhibitors.




2.5. Electrochemical Impedance Spectroscopy


For the EIS measurements, the samples were abraded on the back side for electrical connection and inserted into the electrochemical cell. A conventional 3-electrode setup was used and 400 mL of 0.01 M NaCl (VWR Chemicals) solution was filled in. The area exposed to the electrolyte was 0.785 cm2. A saturated calomel electrode was used as reference and a platinum Elektrode as counter electrode. EIS spectra were recorded hourly using a Zahner Zennium potentiostat for a period of 24 h at room temperature. The frequency range was set between 50 kHz and 10 mHz with an amplitude of 10 mV.




2.6. Linear Sweep Voltammetry (LSV)


The LSV measurements were carried out using a special combination test cell exposing an area of 0.11 cm2 of the anodized Mg AZ31 (working electrode). Platinized expanded Ni mesh was used as counter electrode and a saturated calomel electrode was used as reference electrode. Corrosion tests were performed in 0.01 M NaCl solution adjusted to a pH of 7.6. The potential was scanned between −2 V and +1 V vs. the saturated calomel electrode. Each type of PEO coating was measured 3 times. The sweep rate was dE/dt = 1 mVs−1. The measurements started immediately after immersion of the samples in the electrolyte.




2.7. Scanning Electron Microscopy (SEM)


The investigation of the morphology and the cross-section of the PEO layer was carried out with an FEGSEM ZEISS Crossbeam 550 in secondary electron mode. The acceleration voltages were 2 and 3 kV, respectively. The cross-sections of the samples were made by argon ion beam preparation (GATAN PECS II).





3. Results and Discussion


3.1. Suspension Stability


In Figure 4 the normalized separation height h/h0, given as the ratio of the height h of the determined phase boundary between dispersed phase/clear phase and the initial volume height h0 in percent of total volume, as a function of time is displayed. Over a measuring period of 28 days at room temperature all suspensions were highly stable. After 28 days the percentage of the nearly particle-free phase was <10% for suspensions containing sepiolite types A–D, whereas for sepiolite dispersion E the ratio of the clear phase was around 38%. However, if sepiolite is added just before the PEO treatment, the stability for all used suspensions is assured.




3.2. Leaching Tests


In Figure 5 the evaluation of the phosphorus concentration for the phosphate ester-based sepiolite/inhibitor systems (i.e., C and D) over time is displayed.



The phosphorus concentration in the electrolyte is a measure for the loss of inhibitor. The results showed a loss of 41% for sepiolite D and 12% for sepiolite C.



As expected, a significantly lower amount of inhibitor went into the electrolyte from sepiolite C compared to sepiolite D because of the good solubility of the mono and bis ester.




3.3. Plasma Electrolytic Oxidation


In Figure 6 the time-dependent voltage developments of the PEO experiments carried out in the different electrolytes are shown. Here, the voltage transient appears as a broad band since the (graphical) time resolution is not high enough to show individual cycles where the potential jumps between a current sustaining and a relaxation potential. The difference in the voltage between ton and toff depends on the dominating kind of overvoltage.



For reference, curve A shows the PEO in an electrolyte without sepiolite. The curves B-E are experiments with (inhibitor-loaded) sepiolite in the electrolyte. In general, the voltage values of the tests in electrolytes with sepiolite were higher than those in sepiolite-free electrolytes. This result corresponds to the considerations made in [53]. The morphology of the PEO layers is presented in Figure 7 by selected surface and cross-sectional SEM micrographs. On the left-hand side a sample anodized in the electrolyte without sepiolite is shown, while on the right-hand side a sample after PEO treatment in the sepiolite-containing electrolyte is depicted. Sample B was selected as a representative example, since the morphological characteristics of the samples were similar for all the electrolytes containing sepiolite.



The ceramic-like but porous surface structure of the PEO layers anodized in the sepiolite-free electrolyte and in the sepiolite-containing electrolyte resulted from the appearance of microdischarges during the PEO treatment. The pore size varied in the micrometer range. The cross-sections of the PEO layers show the layer structure, consisting of a thin inner layer and a thicker but more porous outer layer. The inner layer shows small, closed pores, and the outer layer shows open pores (discharge craters).



In sample B, anodized in electrolyte with sepiolite, the sepiolite fibers appear to be on the surface and inside the discharge craters. The distribution of sepiolite is inhomogeneous and the surface is not completely covered. Likewise, not all pores are filled with sepiolite. This concerns a part of the closed pores and open pores with a pore mouth diameter similar to or smaller than the sepiolite particles. Also, not all larger pores or craters are completely filled with sepiolite. This applies to both open and closed pores. The analysis of the incorporation mechanism and evidence of incorporated sepiolite by EDX analysis was already published by Schneider et al. [53].




3.4. Electrochemical Impedance Spectroscopy (EIS)


The representative results of EIS measurements are shown in Figure 8 and Figure 9. The spectra representing 1 h of exposure show two well-defined time constants for all systems, while only one remains after 12 h of exposure. (Since EIS spectra were recorded for all PEO/sepiolite combinations at least four times, for the reader’s convenience only one representative measurement is selected.) The magnitude of the impedances of the systems (at low frequencies) decreases for at least two orders over time and the electrolyte resistance becomes visible at >2 kHz. This suggests that after a short time of immersion (see below), the inherent defects of the PEO layer (cracks, pores, discharge channels) promote the full penetration with the NaCl electrolyte and a corrosive attack of the bilayer system.



In the first stage of the corrosion attack the electrolyte will dissolve the oxide, possibly enlarging the pores and craters. When the electrolyte reaches the metal interface, active corrosion starts, referring to reaction Equation (1).


Mg + 2 H2O → Mg(OH)2 + H2



(1)







The corrosion product Mg(OH)2 [3] is likewise not stable in the used electrolyte. Consequently, the remaining time constant is associated with the interface impedance consisting of the double-layer capacitance and the polarization resistance, probably controlled by charge transfer. The positive values of the phase shifts for all systems at 0.01 Hz are evidence of the non-stationary conditions caused by a self-accelerated active dissolution of magnesium. There is no indication of a diffusion limitation through the oxide layer. Spectra of the individual measurements were fitted according to the equivalent circuits schematically shown in Figure 10.



The fit was carried out using the Zahner analysis program. The results are listed in Table 4. In all simulations, constant phase elements (CPEs) were used instead of pure capacitances to contribute to the fractal surface character of the PEO coatings. The tabulated capacitances were then calculated from the CPE parameters according to Formula 1, published by Hsu and Mansfeld [54]. In this formula C is the capacity, Y0 the CPE value, fZ″max the frequency at which the imaginary part of the impedance (Z″) has a maximum.


  C =  Y 0  ·   (  f   Z ″  m a x   )   n − 1    



(2)







The resistor R0 refers to the electrolyte resistance. The electrolyte conductivity of 9.5 mS cm−2 was measured by a conductivity meter. This resulted in a calculated distance between the reference and working electrode of around 5 to 6 mm, which corresponds well with the realized electrode design. The measured variations in the electrolyte resistance are the result of small variations in the distance between the electrodes. The nearly identical R0 is evidence that the measurements were made under almost identical conditions. The time constant R1·CPE1 characterizes the PEO layer. R1 represents the resistance across the pore/electrolyte interphase of the PEO layer and depends on the ‘real’ physical pore surface area. (The porosity of the PEO layers was obtained from image evaluation of SEM micrographs. In this case, it appears to be in the range of 4–6%.) This porosity varies due to branched pores (tortuosity) and local discharge events during the PEO. This may also be the reason for the high standard deviation of some results. CPE1 represents the dielectric properties of the (ceramic) PEO coating. After calculation of the PEO layer thickness (with εr = 9.65 for MgO and C1 from Table 4, calculated for a plate capacitor), the results were two orders of magnitude too low. This was also mentioned previously in other studies [52]; one reason can be that εr rises due to the reaction of MgO to Mg(OH)2. After 12 h of exposure, only one time constant was observed in the measured frequency range. After 12 h of exposure, the surfaces were highly penetrated and active corrosion occurred. In this case, R2 is interpreted as the polarization resistance and CPE2 the double-layer capacitance of the metal/electrolyte interface.



From the evaluation of the fitting data, it can be concluded that incorporation of the inhibitors was able to delay the corrosion process. After 1 h of immersion, R2 of the PEO layer was significantly higher for sepiolite charged with inhibitors D and E. For R2 we saw increased resistance for A, B, and E, with only significance for B. The high values are, as mentioned before, a result of inhomogeneities of the PEO layer. With sepiolite D this may also be due to leached inhibitor into the electrolyte, which leads to many more inhomogeneities of the PEO layer.



After 12 h with ongoing corrosion, the bare metal surface was exposed to the electrolyte, yielding the observed increase in the double-layer capacitance CPE2. In all cases, values of R3 were slightly increased to non-inhibited conditions.



In Figure 11 the impedance modulus (values averaged for four samples per inhibitor condition) measured at 10 mHz as a function of exposure duration for the different inhibitor modifications is shown. From the data, the impedance dropped steeply for all samples within the first 10 to 12 h and reached a plateau. In the transition region, i.e., between the maximum impedance modulus and the baseline, the inhibitors appeared to work most effectively. For this reason, in retrospect, the data were evaluated separately after 1 and 12 h of exposure.




3.5. Linear Sweep Voltammetry (LSV)


In Figure 12 LSV measurements of the samples with different inhibitors are compared. In total, three measurements were performed per system. However, it turned out that there were strong deviations between the LSV measurements for the same inhibitor condition. Possible reasons for this behavior are inhomogeneities of the PEO layer, an irregular distribution of the inhibitors, or the use of a small measuring area.



To consider qualitative statements about the PEO layers and the inhibitor efficiencies, the corrosion potential and the breakdown potential as well as corrosion current densities were determined. Table 5 summarizes all these corrosion-relevant electrochemical quantities. The mean value of the corrosion potential varied between −1.4 and −1.65 V vs. SCE. The inhibitors C and E showed significantly smaller anodic currents and a shift of the corrosion potential to more positive values. Consequently, the passive range also expanded in the positive potential direction. It must be noted that the results presented in Figure 11 are the best of the respective measurements. The data presented in Table 5 include the results of all LSV experiments of this study. Unfortunately, the scattering of the results within the measurement does not show a stringent tendency (Table 4). The corrosion potential in LSV was dominated by the anodic reaction, since the cathodic appeared to be very similar for all inhibitors used. Since the PEO layer is mechanically very stable, there must be weak points in the oxide, for instance, at the bottom of the discharge craters. Micropores or cracks located there will be covered with Mg(OH)2, which is easily soluble. If there are many of them, the anodic partial current density increases and the corrosion potential becomes more negative. Converting the corrosion currents to the polarization resistances yields reasonable values close to those from the impedance measurements above.



The corrosion current densities of inhibitors B, C, and E varied between 0.14 and 0.36 µA/cm2. The highest corrosion current density was observed with sepiolite A and D reaching approximately 1 µA/cm2.



However, the values of the critical pitting potentials (or general breakdown potential) were influenced strongly by the used inhibitor. Samples A, C, and E showed a strong distribution of the potential. Although sample D showed a small distribution of the single values, the PEO layer already failed at potentials of ~−0.9 V vs. SCE. In contrast, the pitting potential for sample B was shifted toward the anodic region.





4. Conclusions


Sepiolite has proven to be an ideal inhibitor carrier as it can be loaded with the selected inhibitors. The establishment of long-term stable dispersions with the alkaline electrolyte, with both underloaded and unloaded modification, is possible. All sepiolite types could be detected on the PEO layers and in the discharge channels. In the impedance spectroscopy, the layers loaded with sepiolite B, D, and E showed a slight improvement in the corrosion properties. The improvement in sepiolite D can also be attributed to the partially dissolved inhibitor. In the LSV experiments, there was no significant difference in the corrosion potentials Ecorr. LSV and EIS measurements showed that the use of the inhibitors delays the onset of the corrosion process. In particular, the critical pitting potential is shifted toward the anodic region by about 1 V. The corrosion current densities tend to increase slightly as a result of the inhibitors, with sepiolite D even by a factor of 5.



Regarding the minor improvements performed by sepiolite D and E, no further gain is expected since the maximum loading capacity has been reached. The sepiolite loaded with cerium (B), on the other hand, still has significant potential for its loading capacity. This can be achieved by chemical modification of the sepiolite. Therefore, highly loaded sepiolite will be examined in future experiments using EIS and LSV.
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Figure 1. Phosphate ester hydrolysis up to phosphoric acid (R = 2-ethylhexyl). 
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Figure 2. Aci-nitro tautomerism of nitro alkanes (a) and oxidation reaction of 1-dodecylamine in two steps (R = C10H23) (b). 
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Figure 3. Current ramp and first two pulses used for the PEO treatment. 
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Figure 4. Dispersion stability results. 
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Figure 5. ICP-MS results/concentration of phosphorus in the PEO electrolyte regarding the estimated inhibiting stability of inhibitors C and D. 
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Figure 6. Voltage time response during PEO with natural sepiolite (A) and with the different inhibitor-loaded sepiolites (B–E). 
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Figure 7. SEM images of the PEO layers, surface and cross-section. On the left side without sepiolite, on the right side with sepiolite. According to the scale bar in all images, the layer thickness locally varies between 2 and 3.5 µm. 
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Figure 8. Single measurement impedance results after 1 h of exposure (Bode plot). 
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Figure 9. Single measurement impedance results after 12 h of exposure (Bode plot). 
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Figure 10. Equivalent circuits used for fitting the impedance data. (A) After 1 h of exposure. (B) After 12 h of exposure [52]. 
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Figure 11. Impedance results (10 mHz) over time. 
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Figure 12. Selected LSV measurements. 
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Table 1. Summary of some corrosion inhibitors used for Mg selected by mechanism.
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Adsorption Inhibitors

	
Film-Forming Inhibitors




	
Passivating Inhibitors

	
Precipitation Inhibitors




	
Oxidizing Inhibitors

	
Non-Oxidizing Inhibitors






	
sodium dodecyl-

sulfate [41,42]

sodium dodecylbenzene-sulfonate [36,39]

hexamethylene-tetramine [36]

bis(2-ethylhexyl)-phosphate [43]

	
nitrate [18,36,39]

chromate [36,39]

hydrogen peroxide [36]

permanganate [36]

	
phosphate [39]

fluoride [36,39]

5,10,15,20-tetraphenyl-

prophyrin [36,44]

8-hydroxychinolin [23,39]

sodium aminopropyl-

triethoxysilicate [36]











 





Table 2. Nomenclature for natural sepiolite and all inhibitor-loaded sepiolites.
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	Nomenclature
	Loaded with…
	Loading Capacity [mg/g]





	A
	Unloaded/natural
	-



	B
	Ce3+
	6.2



	C
	tris (2-ethylhexyl) phosphate
	200



	D
	tris (2-ethylhexyl) phosphate +Apricon OPE
	100 + 100



	E
	oxidized 1-dodecylamine
	200










 





Table 3. Nominal chemical composition of the used AZ31 (wt.%) according to the distributor (Salomon’s Metalen B.V.) information.
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	Al
	Zn
	Mn
	Si
	Cu
	Ca
	Fe
	Ni
	Others
	Mg





	2.5–3.5
	0.7–1.3
	0.2
	Max. 0.05
	Max. 0.05
	Max. 0.04
	Max. 0.005
	Max. 0.005
	0.3 max total
	balanced










 





Table 4. Impedance fit results.
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Sepiolite Type

	
OCP vs. SCE

[V]

	
R0

[Ω cm2]

	
R1

[kΩ cm2]

	
C1

[µF/cm2]

	
R2

[kΩ cm2]

	
C2

[µF/cm2]

	
Overall Fit Error

[%]






	
After 1 h of exposure




	
PEO without sepiolite

	
−1.454 ± 0.088

	
68 ± 3

	
5.9 ± 2.9

	
0.12 ± 0.8

	
790 ± 760

	
0.61 ± 0.26

	
8.8 ± 3.1




	
A

	
−1.444 ± 0.079

	
69 ± 4

	
2.7 ± 2.3

	
0.081 ± 0.045

	
1060 ± 1080

	
0.88 ± 0.28

	
12.9 ± 2.2




	
B

	
−1.460 ± 0.183

	
74 ± 2

	
2.0 ± 0.2

	
0.071 ± 0.010

	
1500 ± 300

	
0.94 ± 0.15

	
13.5 ± 1.2




	
C

	
−1.493 ± 0.027

	
62 ± 2

	
3.2 ± 2.1

	
0.073 ± 0.060

	
490 ± 230

	
0.56 ± 0.22

	
11.8 ± 3.2




	
D

	
−1.532 ± 0.029

	
67 ± 4

	
40.4 ± 11.2

	
0.11 ± 0.01

	
660 ± 290

	
0.25 ± 0.12

	
6.8 ± 4.1




	
E

	
−1.452 ± 0.049

	
60 ± 2

	
10.6 ± 2.7

	
0.062 ± 0.015

	
2300 ± 1100

	
0.47 ± 0.11

	
10.5 ± 1.1




	
After 12 h of exposure




	
PEO without sepiolite

	
−1.499 ± 0.014

	
66 ± 2

	
-

	
-

	
6.5 ± 1.6

	
3.5 ± 0.6

	
9.4 ± 0.9




	
A

	
−1.505 ± 0.002

	
66 ± 2

	
-

	
-

	
7.3 ± 0.9

	
3.2 ± 0.2

	
9.4 ± 0.6




	
B

	
−1.511 ± 0.009

	
70 ± 2

	
-

	
-

	
8.4 ± 3.0

	
3.4 ± 0.5

	
9.2 ± 2.0




	
C

	
−1.508 ± 0.010

	
71 ± 3

	
-

	
-

	
6.3 ± 2.0

	
3.4 ± 0.6

	
9.2 ± 1.2




	
D

	
−1.517 ± 0.002

	
70 ± 1

	
-

	
-

	
16.1 ± 6.0

	
2.6 ± 0.3

	
9.3 ± 0.4




	
E

	
−1.501 ± 0.003

	
67 ± 3

	
-

	
-

	
9.3 ± 0.9

	
3.1 ± 0.3

	
7.5 ± 0.1











 





Table 5. Corrosion-relevant electrochemical variables extracted from the LSV experiments.
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	PEO
	A
	B
	C
	D
	E





	Ecorr/

[V vs. SCE]
	−1.44 ± 0.12
	−1.50 ± 0.10
	1.49 ± 0.09
	−1.40 ± 0.04
	−1.65 ± 0.06
	−1.42 ± 0.15



	/jcorr/

[µA cm−2]
	0.12 ± 0.11
	0.98 ± 0.90
	0.25 ± 0.15
	0.14 ± 0.02
	1.00 ± 0.68
	0.36 ± n.a.



	Ebreak down

[V vs. SCE]
	−0.28 ± 0.43
	−0.65 ± 0.53
	0.57 ± 0.32
	0.04 ± 0.75
	−0.92 ± 0.10
	−0.06 ± 1.16
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