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Abstract

:

This study deals with the combination of two corrosion protection strategies for aluminium: barrier protection (provided by a 3.8 μm thick hybrid sol–gel coating) and aluminium pore sealing via the use of a 100 nm thick layer of aluminium oxide. A Si–O–Zr hybrid sol–gel coating (TMZ) was synthesised by combining two separately prepared sols (i) tetraethyl orthosilicate and 3-methacryloxypropyl trimethoxysilane and (ii) zirconium(IV) n-propoxide chelated with methacrylic acid. The synthesis of the Si–O–Zr hybrid sol–gel was evaluated at various stages using real-time infrared spectroscopy. A 100 nm thick Al2O3 film was prepared via thermal atomic layer deposition at 160 °C using trimethyl aluminium and water as precursors. The coating and film properties were assessed via focused ion beam/scanning electron microscopy coupled with energy-dispersive X-ray spectrometry. Sealing with the Al2O3 film did not affect the microstructure and composition of the underlying sol–gel coating. The coating’s corrosion performance in 0.1 M NaCl solution was evaluated using electrochemical impedance spectroscopy. Compared to individual coatings, the multilayer TMZ/Al2O3 coating ensured prolonged (more than three weeks) durable corrosion protection for the aluminium. The impedance magnitude increased by two orders compared to the uncoated substrate (|Z|10 mHz from 16 kΩ cm2 to almost 830 MΩ cm2). Thus, the pore sealing of the sol–gel coating using an ALD alumina film produced a protective multilayer coating system, with |Z|10 mHz remaining above 5 MΩ cm2 after four weeks in NaCl solution.
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1. Introduction


In recent decades, the protection of metals and alloys from corrosion in different corrosive environments has been provided mainly via the hexavalent chromium-based compounds (chromate) used in coating systems and chromate conversion coatings [1,2,3,4]. However, chromate compounds are hazardous for humans and the environment [5], and their use must be reduced [6]. Since September 2017, stricter regulations have been mandated, and chromates have been banned or restricted in several industrial sectors [6]. As a result, there is a significant need to develop and replace hazardous chromates with environmentally friendly, non-toxic surface treatments capable of providing sufficient corrosion protection [4,7,8].



One of the promising alternatives of surface barrier prevention is the deposition of hybrid sol–gel coatings on the metal surface, which provide a physical barrier against water and the penetration of aggressive ions (i.e., Cl−) to the metal surface [9,10]. In the literature, many organically modified silicates (ormosils) have demonstrated good corrosion protection on aluminium [11,12], even in acidic and alkaline conditions [11]. In addition, coatings containing zirconium in the sol–gel network further improve the silane matrix’s coating properties [13,14,15]. This was confirmed in Si–O–Zr (Si/Zr) hybrid coatings based on tetraethyl orthosilicate (TEOS), 3-methacryloxypropyl trimethoxysilane (MAPTMS), zirconium(IV) n-propoxide (ZTP), and methacrylic acid (MAA) [11,16,17,18,19,20]. Hydrolysis, condensation, and polymerisation reactions in such systems were studied in detail at various stages using several techniques, such as spectroscopic techniques, solution characterisation techniques, and coating characterisation techniques [11,16,18,20]. The coatings deposited on the aluminium [11,18] or aluminium alloys [17,21] were amorphous, homogeneous, and only a few micrometres thick, with very low porosity (between 0.85 and 0.49%) [20]. The degree of corrosion protection depends on several parameters, and the ZTP content in the coating and ZTP/MAA ratio are the main ones [16]. Under optimal conditions, ZTP can stimulate the condensation reaction and formation of large domains of polycondensed Si species [11]. In neutral chloride solutions, TMZ coatings containing more ZTP expressed greater corrosion resistance [20], but the dependence on coating properties is not straightforward due to other parameters such as ageing time, curing temperature, etc., which are still poorly understood [21]. In the present study, we first focused on conducting a real-time analysis of the kinetics of hydrolysis and condensation reactions for coatings with greater ZTP contents (ZTP/MAA = 1:2) during synthesis and then characterised the coatings’ morphologies, structures, and thicknesses.



Aluminium, in the presence of oxygen or humidity/water, instantly forms a native (passive) oxide film that is a few nanometres thick [22,23]. Its thickness, composition, and porosity depend on several parameters, such as temperature, surface structure, topography, or other metal impurities present in the structure [22,24]. Such films are stable in a pH range between 4.5 and 8 [25], but in more aggressive acidic [26,27] and alkaline media [27,28], they can be dissolved [27,28]. In addition, pits can be formed in a chloride-containing corrosive environment due to the passive film breakdown [22,29,30].



The shortcomings of the aluminium native passivation process can be minimised by depositing an additional barrier film using atomic layer deposition (ALD). This technique allows for the deposition of highly uniform ultra-thin films with thicknesses in the range of atomic or molecular layers due to the self-limiting reactions of the deposited materials [23,31]. The use of ALD for protecting metallic substrates from corrosion was proposed in the late 1980s and early 1990s [23]. Nowadays, ALD is widely used in the industry for the deposition of metal and metal nitride films (Al, Ti, AlN, TiN) and the deposition of dielectric thin films (HfO2, ZrO2, and Al2O3) [32,33,34,35,36]. The coatings deposited by ALD provide new applications in diverse areas of corrosion [37] because a thin ALD film serves as an efficient barrier protection against gases [38,39] and liquids [36,40]. Up to now, the most frequently used ALD corrosion protection coating has been Al2O3, which is usually deposited from trimethyl aluminium (Al(CH)3) and water [39,41,42,43,44] at temperatures ranging from 33 to 500 °C [37,45,46,47]. The deposition of ALD films at higher temperatures improves the reaction between TMA and Al–OH at the surface. However, deposition at higher temperatures is challenging for metals, as overheating may cause surface oxidation, potentially weakening the protective layer as a result [45]. This can be problematic, especially for corrosion-resistance applications that require dense films without defects [33,45,48]. A low deposition temperature is also relevant to the energetic efficiency for obtaining amorphous coatings, preventing the growth of crystallite-/grain-defective boundaries as possible diffusion channels for corrosive species [35,45,48].



Ultra-thin Al2O3 films have been reported to efficiently protect various metals, such as steel [47,48,49,50], copper [51,52], and aluminium and its alloys [40,47]. In addition to depositing individual films, ALD is also used as a sealing method to block the pinholes in hard coatings prepared via physical and chemical vapour deposition (PVD and CVD) [37,53] and anodised aluminium [54]. ALD precursors penetrate deep into the coating, forming a film and blocking the pinholes. The sealing performance is reflected by decreasing the corrosion current density and increasing the corrosion potential to less negative potential [37,41]. Various ALD films have been tested to protect different polymeric surfaces or flexible polymer films [55,56], but we failed to find any studies on pore sealing Si–O–Zr coatings using ALD films in the literature.



Based on the literature summary presented above, the main aim of this work was to investigate the possibility of using a thin ALD alumina film to seal the pores of a Si–O–Zr hybrid sol–gel coating. First, individual coatings (TMZ and ALD Al2O3) were characterised using microstructure and compositional analysis at the top and cross-section. In addition, the Si–O–Zr synthesis kinetics were followed using real-time Fourier-transform infrared spectroscopy. The level of corrosion protection was analysed using electrochemical impedance spectroscopy in 0.1 M NaCl solution. Second, a multilayer TMZ/Al2O3 coating was prepared and comparatively analysed to confirm the benefits of multilayer coatings in terms of prolonged corrosion protection.




2. Materials and Methods


2.1. Aluminium Substrate


One-millimetre-thick aluminium (Al > 99.0%) flat sheets were supplied by Goodfellow, Cambridge Ltd. (Huntingdon, UK) The sheets were cut into 14 mm diameter disks, and then the surface was ground using a Struers LaboSystem LaboPol-20 machine employing 2400- and 4000-grit SiC emery papers (distributed by Struers ApS, Ballerup, Denmark) to remove the natural oxide layer from the aluminium surface. After the grinding process, the sample was rinsed with distilled water and further cleaned in anhydrous ethanol utilising an ultrasonic cleaner for 10 min to eliminate any organic substances. Finally, the samples were dried using compressed nitrogen.




2.2. Coating/Film Deposition


Table 1 summarises the coatings’ precursors, deposition methods, and thicknesses.



2.2.1. Hybrid Sol–Gel Coating


The hybrid sol–gel coating was synthesised by mixing two separately prepared solutions from silicon (Sol 1) and zirconium sol–gel reagents (precursors) (Sol 2): tetraethyl orthosilicate (TEOS: Si(OC2H5)4, 99.9%, Sigma-Aldrich (St. Louis, MO, USA), CAS Number 78-10-4), 3-methacryloxypropyl trimethoxysilane (MAPTMS: H2C=C(CH3)CO2(CH2)3Si(OCH3)3, ≥98%, Sigma-Aldrich, CAS Number 2530-85-0), zirconium(IV) n-propoxide solution, (ZTP: Zr(OPr)4, 70 wt.%, in 1-propanol, Sigma-Aldrich, CAS Number 23519-77-9), and methacrylic acid (MAA: H2C=C(CH3)COOH, 99.0% Sigma-Aldrich, CAS Number 79-41-4). The hydrolysis was initiated by adding deionised Milli-Q water containing hydrochloric acid (HCl: >37%, AppliChem, Darmstadt, Germany).



The detailed synthesis procedure has been described in the literature [11,16,17,18]. The molar ratio of the reagents was as follows: TEOS/MAPTMS/ZTP/MAA = 0.18:1:0.48:0.96 (ZTP/(TEOS + MAPTMS) = 0.48/1.18; Zr/Si = 0.41). The final sol and coating are denoted with the abbreviation TMZ. All syntheses were performed in a 25 mL reactor at atmospheric pressure open to the air using the EasyMax 102 advanced synthesis workstation. The reactor jacket temperature was kept constant at 23 ± 0.1 °C.



The sol–gel synthesis reactions were characterised by recording real-time ATR-FTIR spectra at intervals of 1 min in the range of 600–2800 cm−1. The spectra were measured using a ReactIR™ 45 spectrometer (Mettler Toledo, Columbus, OH, USA) with a resolution of 4 cm−1, averaging 256 scans. An EasyMax 102 controller (Mettler Toledo, Columbus, OH, USA) was used to control the conditions during the reaction. The instruments were controlled using iControl EasyMax 6.1 and iC IR 7.1 software. The spectra were recorded from 1800 to 500 cm−1, where the most intensive and characteristic bands were present. The intensities of the spectra are shown in absorbance units (A.U.). The intensity of the selected band was compared to zero in the spectra baseline.



The prepared sol–gel solutions were applied to the ground aluminium substrate after one hour of synthesis using a spin-coater (Laurell—WS-650-23NPP/LITE/IND, Laurell Technology Corporation, Lansdale, PA, USA). Excess sol was applied by injecting the fluid through a polytetrafluoroethylene (PTFE) syringe filter with a 0.2 μm membrane onto the centre of the substrate. Then, the sample was spun with a rotation speed of 4000 rpm for 30 s. During rotation, excess sol was removed, leaving the substrate covered with an evenly thick coating. The coated samples were kept in ambient conditions for 10 min and then cured on a preheated hot plate at 160 °C for 1 h in an air atmosphere.




2.2.2. Atomic Layer Deposition of the ALD Al2O3 Film


The thermal ALD Al2O3 (alumina) films were grown in a flow-type ALD reactor Beneq (Beneq Qy, Espoo, Finland). The films were grown using trimethyl aluminium (TMA, Al(CH3)3, Elec. Gr., 99.99%-Al, Puratrem, manufactured by STREM Chemmicals, Inc, Bischheim, France, Europe) as a precursor and H2O (deionised Milli-Q water) as a co-reagent. Both chemicals were vapourised at room temperature. Dry compressed nitrogen (>99.999%, HiQ Nitrogen 5.0, Instrabenz Plini, Bertoki, Slovenia) was used as a carrier and purging gas. The chamber of the ALD system was constantly pumped using a turbomolecular vacuum pump, and the chamber pressure during the process was approximately 10 mbar. The time sequence of deposition precursor/purge/water/purge was 0.3/1/0.35/1 s. The deposition temperature was set to 160 °C. The stabilisation time (heating the chamber to set temperature) was about 30 min. The final Al2O3 film thickness was ~100 nm (obtained after 1000 cycles). The samples were taken from the ALD chamber when the chamber temperature was below 100 °C.




2.2.3. Multilayer TMZ/Al2O3 System


A multilayer Si–O–Zr hybrid sol–gel/Al2O3 system (abbreviation TMZ/Al2O3) was prepared by applying one layer of TMZ coating followed by the deposition of 100 nm ALD film (as described in the above text).





2.3. Coating Characterisation


2.3.1. Composition Characterisation


FTIR spectra of the uncoated (ground) aluminium and aluminium coated with the TMZ, Al2O3, and TMZ/Al2O3 coatings were recorded using a PerkinElmer Spectrum 100 (PerkinElmer Life and Analytical Sciences, Shelton, CT, USA) instrument with the attenuated total reflection (ATR) sampling accessory. The spectra were recorded from 4000 to 500 cm−1 with a resolution of 4 cm−1, averaging 4 scans. The spectra were normalised and are presented as transmittance in % from 3800 to 2800 cm−1 and 1800 to 500 cm−1, where the most intensive and characteristic bands were present.




2.3.2. Surface and Cross-Section Analysis


Field emission scanning electron microscopy (FE-SEM) was used to analyse the morphologies and microstructures of the TMZ, Al2O3, and TMZ/Al2O3 deposited on the aluminium. Coating thickness and composition were evaluated via focused ion beam/scanning electron microscopy (FEI Helios NanoLab 600 Dual beam, Waltham, MA, USA). The cross-section of selected regions on the samples was obtained after the deposition of a thin layer of platinum on the surface (first, 0.2 μm thick layer at 2 kV, 0.4 nA; second, 1 μm thick layer deposited at 30 kV, 0.24 nA), followed by cutting the coating using a Ga FIB beam at 30 kV, 9.4 nA. Ultimately, the surface was polished using a Ga beam at 30 kV, 0.4 nA. Imaging along the cross-section was performed via SEM using the secondary electron and (SE) and back-scattered electron (BSE) modes at 5 kV energy. EDS mapping analysis of the caotings’compositions was conducted using EDS Aztec software at 10 kV voltage. The mapping of EDS lasted for 1000 s.




2.3.3. Electrochemical Corrosion Testing


Corrosion performance was tested using EIS. Measurements were performed in a three-electrode corrosion cell, where 1 cm2 of the sample was exposed to the corrosive medium (0.1 M NaCl). Silver/silver chloride (Ag/AgCl 0.25 V vs. saturated hydrogen electrode) were used as reference electrodes, and a carbon rod served as a counter electrode. Measurements were performed at ambient temperature using a Multi Autolab PGSTAT M204 (Metrohm Autolab, Utrecht, The Netherlands) potentiostat/galvanostat controlled via Nova 2.1 software. Electrochemical impedance spectra were recorded between 10 mHz and 100 kHz using a frequency response analyser (FRA) module. The amplitude of the sinusoidal voltage signal was 10 mV (RMS). Impedance responses were recorded after selected periods of immersion (from 1 h up to 4 weeks). Measurements were performed at least in triplicate for each sample type (uncoated and coated). The representative ones are plotted in the Bode plots as impedance magnitude and phase angle versus frequency.






3. Results and Discussion


3.1. Preparation and Analysis of the TMZ Sol–Gel


3.1.1. Real-Time FTIR Analysis of the Sol–Gel TMZ Solution


The hydrolysis and condensation reactions during the synthesis of hybrid sol–gel coatings are essential for obtaining desirable properties, such as a desirable composition, homogeneity, and density. Therefore, the synthesis process at selected steps was optimised using real-time FTIR spectroscopy. In the first step, the synthesis of Sol 1 was followed at different synthesis stages (Figure 1).



FTIR spectra from 1250 to 750 cm−1 were recorded to determine the hydrolysis of the mixture of MAPTMS and TEOS after adding acidic water (H2O/H+) (Table 2).



The mixture spectrum shows that the most intensive initial bands of both reagents were at 1164, 1081, 815, and 785 cm−1. Molecular structures are presented in Figure 1b. Reactions between the initial reagents did not occur, and the changes in the band intensities were solely due to the fact that they were combined in the reactor (Figure 1c, relative time less than 10 min). This process has been described in detail for similar systems [11,18]. The focus herein is on the kinetics of the reactions (Figure 1c). The reactions started immediately after the addition of H2O/H+, as evident due to the intensive decrease in all the characteristic bands of initial precursors (1164, 1081, and 815 cm−1) and the appearance of an intensive broad Si–O–Si band at 1027 cm−1. The latter is related to asymmetric stretching; another Si–O–Si band was also noticed at 1084 cm−1 (Figure 1a,b). The hydrolysis and condensation reactions were accompanied by by-products such as ethanol (a bond at 882 cm−1) and the formation of a Si–O− band at 914 cm−1 and Si–OH at 942 cm−1.



The reactions were most predominant after the first 10 min after the addition of H2O/H. At longer times, the changes were smaller (Figure 1c). In the next 30 min, the intensities of the Si–OR and Si–O–Si bands changed slowly, but the Si–OH band gradually increased even after 45 min of mixing. This is due to the instability of Sol 1, with many Si–OH groups available for further condensation. However, a band at 1164 cm−1 representing the methoxy silane (Si–O–Me) in the MAPTMS molecule remained in the spectra, confirming that all groups did not react. This is probably related to the low ratio between the three methoxy groups in MAPTMS and H2O/H+. The unreacted groups can be further hydrolysed/condensed after combining with Sol 2.



The MAPTMS precursor also contains an acrylate group (Figure 1b). Due to the absence of a polymerisation initiator, the reaction of acrylate groups did not occur at this preparation stage at ambient temperature [11,16].



In the second step, the characterisation of Sol 2 was related to reducing the high reactivity of ZTP with water and its chelation with MAA (Figure 2).



The molecular structures of the reagents are presented in Figure 2b. ZTP shows six characteristic absorbance bands at 1130, 1044, 1003, 890, and 834 cm−1, and the two other characteristic bands located between 1376 and 1459 cm−1 are related to the stretching vibrations of the aliphatic C–H groups in the ZTP molecule (Figure 2a) (Table 2). Bands related to the chelating product (1-propanol) also appeared between 970 and 1100 cm−1 and can partially contribute to the ZTP bands in this range. The MAA can be characterised by the bands at 1691 cm−1 (C=O), 1634 cm−1 (C=C), 1455 and 1428 cm−1 (CH3 and CH2), 1298 and 1203 cm−1 (C–O stretching in acid), 945 cm−1 (COO−), and 810 cm−1 (C=C).



After the dropwise addition of MAA to ZTP, the FTIR spectra provided clear evidence of the formation of a zirconium complex with an organic ligand (MAA) (Figure 2c). This process can be described by reaction (1):


Zr(OCH2CH2CH3)4 + CH2=CCH3COOH

→ Zr(OCH2CH2CH3)3OOCCH3C=CH2 + CH3CH2CH2OH



(1)







The spectrum of chelated ZTP/MAA (Sol 2) spectra combine the spectral characteristics of both substances, ZTP and MAA, and show two additional bands characteristic of chelating at 1555 and 834 cm−1. The bands characteristic for ZTP remained visible. Except for the bands in the CH3 range, all bands characteristic of MAA were almost absent in the spectrum for Sol 2, showing a small amount of free MAA during chelation.



In the next 40 min of mixing, the most characteristic bands did not change significantly (Figure 2c). The only exception was the band at 1555 cm−1 (related to the chelating process of ZTP/MAA), which confirmed that Sol 2 was incompletely stabilised. Therefore, the ZTP remained active for further reactions.



In the last step, Sol 2 was added to Sol 1 to form the final sol TMZ (Figure 3).



The marked decrease in the characteristic bands between 650 and 940 cm−1 for Sol 1 occurred due to dilution after adding Sol 2. The reactions between the sols took place in the first 5 min (Figure 3b). The decrease in the Si–OH groups at 942 cm−1 and non-reacted Si–O− (ion) at 914 cm−1 indicate the induction of condensation and the formation of more complex networks (Si–O–Zr) after the addition of ZTP/MAA to the hydrolysed sol. The decrease in the band at 942 cm−1 is less significant due to the overlapping with the formed product of Si–O–Zr at 943 and 969 cm−1; the condensation can be better seen via the Si–O–Zr bands at 1014 and 1031 cm−1. The presence of these bands confirms a co-hybrid system between the two precursors. The intensive band at 1027 cm−1 corresponds to the linear Si–O–Si groups, whilst that at 1031 cm−1 is related to cyclic, more condensed groups (Figure 3b). The intensive bands for non-hydrolysed Si–O–R at 1084 and 1164 cm−1 were also reduced.



The characteristic C–H band related to 1-propanol (formed as a by-product) is at 881 cm−1. The slow release of MAA during condensation was identified via the increase in the characteristic bands at 1428 and 1550 cm−1, corresponding to vibrations of the carboxylic group (COO−) (Figure 3b). During the coating thermal curing process, the released MAA can later participate in co-polymerisation with MAPTMS.



Hydrolysis–condensation reactions proceeded continuously for 1 h of mixing (Figure 3b). The main effect was on the siloxane bands due to the formation of more complex networks with linear or cyclic chains. The characteristic bands of the remaining non-reacted species are located between 914 and 942 cm−1; their intensity decreased during mixing due to the formation of a more condensed solution.



To sum up, the hydrolyses and condensation reactions formed Si–O–Si and Si–O–Zr networks. The reactions proceeded faster at the beginning, but after optimised times, the sols were partially stabilised to obtain a good incorporation of Zr and the formation of the solution network.




3.1.2. FTIR Analysis of the Sol–Gel TMZ Coating


Sol TMZ was deposited on the ground Al surface as a coating. Several main differences between the real-time FTIR spectrum of the TMZ sol (Figure 3) and the ATR FTIR spectrum of TMZ coating (Figure 4) were observed in the region between 1250 and 700 cm−1. These differences resulted from the network formed between silicon, zirconium, and oxygen (Si–O–Si and Si–O–Zr). The decrease in the bands characteristic of the initial precursors between 750 and 850 cm−1 indicates that hydrolysis and condensation reactions finally occurred during the curing process. As a result, several characteristic siloxane (Si–O–Si) and siloxane-Zr (Si–O–Zr) bands appeared between 1200 and 900 cm−1, with the maximum appearing at 1010 cm−1.



Additionally, the co-polymerisation process of acrylate groups in the MAPTMS and MAA was thermally induced during curing at 160 °C (Figure 4).



The low intensity of the C=C bands at 1640 cm−1 and slightly shifted carbonyl group C=O (from 1720 cm−1 to 1725 cm−1) indicate that co-polymerisation occurred, as evidenced by the band at 1640 cm−1, which is related to the C=C bond. The co-polymerisation remained incomplete due to the absence of a co-polymerisation initiator. The polymerisation degree is difficult to evaluate due to the overlapping of the C=C band with a band characteristic of water (1638 cm−1). In addition, the broad absorption band, extending from 3000 cm−1 to 3800 cm−1, is the sum of the band at wavenumber generated by the stretching vibration of the O–H groups belonging to the external silanols (Si–OH) at 3610 cm−1 and water molecules adsorbed in solution (free water is at ca. 3600 cm−1) (Figure 4).





3.2. Preparation and Analysis of the ALD Al2O3 Film


The growth mechanism of ALD Al2O3 films fabricated using trimethylaluminium (TMA; Al(CH3)) and H2O vapour has been studied extensively [39,48,57]. The ALD process is well controlled and self-limiting, and it occurs on the exposed surface. During deposition, precursors are separately present in the chamber (Figure 5a).



The first ALD reaction cycle reaction occurs on the aluminium surface. After one cycle, it is adsorbent only on ALD-grown film [23]. The reagent completely covers the metal surface regardless of the shape, and during one cycle, deposition occurs half a monolayer at a time.



The water vapour is introduced into the chamber, leading to hydroxyl groups forming bonds with the metal surface. Excess water is then purged from the chamber. The purge is followed by introducing TMA, which reacts with the adsorbed hydroxyl groups. The metal atom bonds react with oxygen. Meanwhile, the hydrogen atom leaves the surface as a reaction by-product in methane, which is evacuated from the chamber. TMA continuously reacts with the remaining hydroxyl group but does not react with itself. Thus, the growth is terminated after one layer. The remaining precursor TMA is then evacuated from the chamber and purged with nitrogen. The cycle is repeated until the desired thickness is achieved. Another critical parameter is the water dose, which should be optimised because increasing the water dose could enhance the growth rate [58]. However, the amount of water has a low influence on the composition and electrical or optical properties [58].



Formed aluminium oxide is a chemically stable amphoteric compound, but its stability is reduced in acid or base solutions. The solubility is higher if the film is formed at lower temperatures [42].



The mechanism of film formation can be described by reactions (2) and (3):


Al–OH + Al(CH3)3 → Al–O–Al(CH3)2 + CH4



(2)






Al–CH3 + H2O → Al–OH + CH4



(3)







In the reaction processes, the surface –OH is a crucial reactive group that determines the successive self-limiting reactions. Higher temperatures can reduce the number of reactive surface sites and the type of chemisorbed species [23].



FTIR Analysis of the Ground Al and Al Coated with the Al2O3 ALD Film


FTIR spectra of ground Al covered by a naturally formed oxide (passive) film and Al2O3-coated Al are presented in Figure 4. The naturally formed passive film on the Al is a mixture of aluminium oxide (Al2O3) and hydroxide (Al(OH)3, AlO(OH)) [59]. The band at ~1060 cm−1 is characteristic of the Al–O vibration mode in alumina. The band at 890 cm−1 is assigned to the bending vibrations of the Al–O bond. The Al–O–Al bond in the γ-alumina generates the broad band centred at 710 cm−1 [60]. The bands between 2900 and 3000 cm−1 and at 1400 cm−1 are characteristic of CH groups. They are present due to organic contamination during surface preparation (grinding the surface). The critical information that can be derived from these FTIR spectra is the presence of hydroxide groups on the aluminium surface, evidenced by an intensive band at 910 cm−1. As explained in the text above, –OH groups help form strong covalent bonds with the substrate.



The differences in the FTIR spectra of natural passivated and thermally deposited ALD Al2O3 films are compared in Figure 4. For the former, the broad absorption band in the range of 750–1100 cm−1 was attributed to the mixed contributions of the Al–O bending and stretching modes. The absorption peak at 905 cm−1 represents O–Al–O bending. Compared to the naturally passivated surface, the FTIR spectrum of the ALD film exhibits a relatively small band intensity of the C–H bending modes. The absorption band at 1385 cm−1 usually reflected the remaining formate species’ OCOH bending [57,61], but due to the efficient reaction, this band was not present in the FTIR spectra. Some other relatively very small bands for the C–H bending mode of the H2O-based Al2O3 film were observed, such as the absorption band attributable to carbon species, including C–H stretching vibrations, at 2850–3050 cm−1, but its intensity was much lower compared to the ground surface (Figure 4). During the ALD process at 160 °C, the carbon species of the TMA are not entirely removed from the surface, and their presence in the H2O-based Al2O3 film hinders the self-limiting reaction of the ALD process. In addition, the absence of a broad band between 3200 and 3700 cm−1, the band at 1638 cm−1, and the band at 1470 cm−1 in the ALD/Al2O3 FTIR spectrum confirmed that applying the controlled pulse and purge process during thermal ALD deposition allowed for the formation of the film without any physisorbed water.





3.3. Preparation and Analysis of the Multilayer TMZ/Al2O3


The multilayer Si–O–Zr hybrid sol–gel/Al2O3 (abbreviation TMZ/Al2O3) was prepared by applying one layer of TMZ coating, followed by the deposition of 100 nm ALD. This multilayer thus consists of a thick sol–gel TMZ coating sealed by a thin ALD film.



The corresponding FTIR spectrum confirmed the presence of the ALD Al2O3 film on the TMZ coating (Figure 4) since it shows a characteristic band of Al–O–Al at 920 cm−1. The spectrum also contained several bands related to TMZ coating (Si–O–Si and Si–O–Zr bands), which can be detected below that of the thin ALD Al2O3 film. The main difference is the reduced intensity of the band related to hydroxy groups at ~3500 cm−1, confirming the reaction between non-hydrolysed –OH groups on the TMZ surface with the ALD film according to reaction (4).


Si/Zr–OH* + Al(CH3)3 → Si/Zr–O–Al(CH3)2* + CH4



(4)







The asterisks mark the surface species during film deposition. Therefore, the FTIR spectrum confirmed that the deposited ALD Al2O3 film reacted with the hydroxyl groups on the TMZ coating surface, forming a more condensed coating. Further, the spectrum of the multilayer system is comparable to that of the TMZ coating, indicating similar polymerisation degrees and Si–O–Zr network formation (band at 1640 cm−1).



3.3.1. Surface and Cross-Section Analysis


SEM/EDS analysis results are shown for uncoated (ground) aluminium and aluminium coated with TMZ, Al2O3, and TMZ/Al2O3 in Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10. Since Al is a relatively soft metal (the Rockwell hardness of pure aluminium is typically in the range of B20 to B30), grinding affects its surface texture. The top-view SEM image of the ground Al (Figure 6a,b) shows an uneven surface with many irregularities and grinding residuals in the direction of the grinding (marked with black arrows), resulting in a complex and rough surface texture.



At higher SEM magnification (Figure 6c,d), many small, nanometre-sized voids (marked with white arrows) can be noticed. These represent weak points for surface passivation and, consequently, for initiating corrosion.



The aluminium surface coated with the TMZ coating is characterised by the top-view SEM image in Figure 7a.



The coating was uniform and smooth without any micro-cracks or visible defects. Its composition was homogenous, even at high magnifications (see BSE SEM image Figure 7b). EDS mapping was performed at the area marked in Figure 7b. Si and Zr are evenly distributed in the formed coating. The atomic ratio between Zr and Si is 1:2.5, which agrees with the starting composition of the sol (Zr/Si = 0.41). Such an evenly formed structure is related to well-optimised synthesis conditions to achieve efficient degrees of condensation between the initial Si and Zr precursors and co-polymerisation between the acrylate group in MAPTMS and MAA forming dense coating [18,20].



The coating composition along the cross-section was characterised via FIB/SEM/EDS (Figure 8). The compact coating structure without any visible defects along the performed cross-section was confirmed. Based on previous research, these types of coatings are slightly porous, but this porosity cannot be observed using SEM. In previous publications, the determined porosity for similar coatings using photothermal beam deflection spectroscopy or electrochemical measurements was between 0.85 and 0.49% [20]. The coating covered the aluminium surface entirely despite its rough surface. The coating thickness estimated based on FIB-SEM imaging was ~3.8 μm (Figure 8).



The coating appearance resembles other TMZ coatings with different TEOS/MAPTMS and ZTP ratios [18]. Still, the slightly greater thickness of the TMZ coating is probably related to the higher condensation degree between ZTP and TEOS/MAPTMS. In addition, the MAA remained unreacted during the incomplete chelation of ZTP in Sol 2 (Figure 2) and can further co-polymerise with MAPTMS. The homogeneity of the coating was also confirmed with EDS mapping analysis on the marked rectangle in Figure 8, where the efficient incorporation of Zr in the Si–O–Si sol–gel structure is evidenced.



Top-view and cross-section SEM images of the ALD Al2O3-coated Al are presented in Figure 9.



Despite the ALD film having a small thickness of only 100 nm, there was a difference in the macroscopic observations of the alumina (Figure 9a) compared to the ground aluminium (Figure 6a). The number of irregularities and voids observed on the ground Al was significantly reduced after the deposition of the ALD film (Figure 6c,d). The surface was more uniform, containing less visible lines from the grinding process (Figure 6a,b and Figure 9a,b). The deposited Al2O3 film perfectly covers the surface and decreases the surface roughness. From the top-view imaging, it is impossible to distinguish the naturally formed Al2O3 and the ALD Al2O3 film (Figure 6d and Figure 9d). This was obtained using a FIB-SEM cross-section (Figure 9e). The ALD Al2O3 film is much thicker (~100 nm), more compact, and more homogeneous compared to a naturally formed layer. The ALD film also covers the irregularities in the Al structure and the other defects marked with white arrows.



Top-view SEM images of the aluminium coated with a multilayer (TMZ/Al2O3) system is presented in Figure 10.



Due to the low thickness of the ALD film (100 nm thin Al2O3), there were no significant differences observed between the TMZ and TMZ/Al2O3 coatings’ surface appearances (Figure 7 and Figure 10a,b). The ALD film was better distinguished in the cross-section FIB-SEM imaging and analyses where the in-depth chemical composition was obtained (Figure 10c,d). EDS maps of aluminium, oxygen, silicon zirconium, and platinum are presented in Figure 10d. Please note that the upper part of the cross-section is related to the carbon and platinum layers deposited during the FIB procedure. The multilayer composition is divided into two layers: Al2O3 at the top and TMZ at the bottom. The reaction between the TMZ coating and ALD film is presented in Figure 5b. It is thought that the TMA reacts with the Si–OH and Zr–OH bonds and forms a covalent bond Si/Zr–O–Al, as described in reaction (4). The TMZ was homogeneous throughout the whole depth. The signal ratio of Si and Zr follows the molar composition of the synthesised TMZ sols, confirming the homogeneous contribution of both of the major elements in the coating. The increased content of Al and O at the top is related to the formed Al2O3. The thickness of the Al2O3 film on the TMZ coating was determined from the cross-section mapping. The estimated thickness of the Al2O3 film was ~200 nm. There is a discrepancy between the thickness of the individual ALD Al2O3 film (100 nm, Figure 9e) and the multilayer system (200 nm, Figure 10c,d). The reason for this is probably the sealing of the open pores within the sol–gel coating, where alumina diffuses during the ALD process through the coating pores in the outer part (ca. 100 nm), reacts with Si/Zr–OH groups, and forms a denser structure, as shown schematically in Figure 5b.




3.3.2. Electrochemical Corrosion Testing


The electrochemical properties of the uncoated and TMZ-, Al2O3- and TMZ/Al2O3-coated Al samples were studied via EIS while being immersed in 0.1 M NaCl. The EIS spectra recorded after 1 h immersion are given in the Bode plots (magnitudes of the impedance, |Z|, and the phase angle, ϕ, as a function of the frequency) presented in Figure 11. The Nyquist spectra are presented in Figures S1–S3.



The impedance magnitudes at the lowest frequency of 10 mHz (|Z|10 mHz) were taken as critical values to be considered when evaluating the protective properties of different protective systems. Table 3 summarises the |Z|10 mHz values for the TMZ-, Al2O3- and TMZ/Al2O3-coated Al samples after different immersion times.



The Bode plots reflect that the aluminium surface was passivated with spontaneously formed oxide. The impedance magnitude at low frequency (|Z|10 mHz) was 16 kΩ cm2, and the maximum ϕ of around −61° was in the middle range frequency. These data indicate that the oxide layer offers a limited barrier to the diffusion of corrosive species. In contrast, the TMZ-, Al2O3-, and especially the multilayer TMZ/Al2O3-coated samples showed different Bode plots compared to the uncoated Al (Figure 11). The EIS response of the TMZ-coated Al showed improved corrosion protection, as expressed by a more extended constant impedance modulus plateau in the low- and middle-frequency part. After 1 h of immersion, the |Z|10 mHz of the TMZ coating was significantly greater than that of the uncoated coating (25.5 MΩ cm2 compared to 16 kΩ cm2, respectively). For the Bode ϕ vs. f plot, values close to −90° were obtained, stretching over a high-frequency range and indicating the coating’s highly capacitive character. The plateau of the constant phase angle was extended up to 102 Hz frequencies, showing the capacitive behaviour of the coating. The measured values of the studied TMZ coating were greater than similar TMZ coatings with a lower amount of Zr, confirming the beneficial effect of increasing the Zr content in the coating [11,18,20].



The results regarding the EIS measurements on the ALD Al2O3-coated aluminium (Figure 11, Table 3) indicated impedance values even higher (80.4 MΩ cm2) than those of the TMZ-coated aluminium. The deposited ALD coating showed increased impedance values and a widened high phase angle region, reflecting the extended passivation range in the case of the samples coated with 100 nm thin coating compared to the naturally passivated aluminium surface. Thus, the ALD Al2O3 film presents better (more efficient) resistance against corrosion. The Bode ϕ vs. f plot showed that values close to −90° were obtained, stretching over a high-frequency range and indicating that the ALD Al2O3 exhibits a highly capacitive character.



The greatest |Z|10 mHz values of 827.2 MΩ cm2 were obtained for the multilayer TMZ/Al2O3 system coating (Figure 11). The Bode ϕ vs. f plot showed values close to −90° stretching from 5 Hz to a high-frequency range. The enhanced barrier properties of the multilayer system are related to the pore-sealing effect of the outer part of the TMZ coating with the ALD film, thus blocking the ingress of corrosive species from the solution.



The EIS measurements pertaining to an extended immersion time are presented in Figure 12. Deduced |Z|10 mHz values are presented in Table 3, and the Nyquist spectra are presented in Figures S1–S3. The layer formed spontaneously on the Al surface offers only a limited degree of protection [18]. Thus, only the curve recorded after immersion for one hour is presented. The |Z|10 mHz of the TMZ coating slightly decreased during immersion (to 15.4 MΩ cm2 after 1 day and 2.5 MΩ cm2 after 3 weeks), and the phase angle values shifted to higher frequencies (Figure 12a).



The extent of the impedance plateau remained unchanged, indicating that the degradation processes did not significantly affect the coating’s structure and, in turn, the corrosion rate of the underlying Al substrate. However, the obtained spectra indicate that despite a minimal coating porosity [20,21], it can generate diffusion pathways for the aggressive electrolyte to access the substrate after a longer immersion time. This process was reflected in the shape of the middle-frequency part after 2 weeks of immersion. In the ϕ vs. f plot, signs of corrosion at the inner substrate/coating interface (low frequency) are visible (Figure 12a). On the high-frequency side, which reflects the coating capacitance, the value of ϕ also decreased, indicating the deterioration of the TMZ coating with increasing immersion time. Therefore, although the TMZ coating imparts good corrosion protection for the underlying Al substrate, some pores and pathways were formed in the coating, starting after 2 weeks of the immersion, enabling the electrolyte to ingress to the substrate.



The ALD Al2O3-coated Al samples showed less durable protection than the TMZ-coated samples (Figure 12b). Despite higher impedance at the beginning of immersion, the |Z|10 mHz values decreased after one week for almost one order of magnitude and then gradually further decreased after 2 weeks of immersion (Table 3). The low durability of the ALD Al2O3 film is probably related to the nanometric thickness of the film and, possibly, voids in the film (Figure 9c). Further, due to deposition at low temperatures, the chemisorption of Al(CH3)3 to the surface may not be completed [45,48] (Figure 4). Therefore, the film formed under such conditions contains carbon at the surface, reducing the corrosion efficiency after extended immersion time.



In the Bode plots for the multilayer TMZ/Al2O3 coating system, two distinct regions can be observed (Figure 12c). The high-frequency range is related to the outer part of the TMZ/Al2O3 coating at the coating/electrolyte interface, and the intermediate frequency range is related to the inner part of the TMZ coating. For up to 4 weeks of immersion, the multilayer coating acted as a barrier, as evidenced by the increased |Z|10 mHz for over one order of magnitude compared to the TMZ-coated Al (Table 3). After 4 weeks of immersion, the impedance magnitude decreased in the whole frequency range, but this decrease was much slower than that of the TMZ-coated Al (|Z|10 mHz 5 MΩ cm2). Despite a stable and dense interface, the coating formed some pores, but in the ϕ vs. f plot, no signs of corrosion at the inner substrate/coating interface (low frequency) were visible (Figure 12c). On the high-frequency side, reflecting the coating capacitance, the value of ϕ also remained similar, indicating that the multilayer coating system remained more protective at longer immersion times.






4. Conclusions


This study focused on the possibility of combining two strategies of corrosion protection—a micrometre-thick sol–gel hybrid coating sealed with a nanometre-thick alumina layer—and evaluating their properties and corrosion resistance in 0.1 M NaCl when deposited on aluminium.



The preparation of hybrid sol–gel coatings from silica and zirconia precursors Si/Zr was characterised using real-time FTIR spectroscopy. After hydrolysis and condensation, chelating reactions stopped at a certain level, at which the efficient incorporation of zirconia into the siloxane network occurred. The reactions were completed after thermal curing.



FTIR spectra of the aluminium surface showed the difference in composition between the naturally formed aluminium oxide film (consisting of a mixture of aluminium oxides) and the well-defined ALD Al2O3 deposited film.



The FTIR spectrum of the multilayer system showed the presence of the ALD film on the TMZ coating. During deposition, the ALD film reacted with a Si–O–Zr network, mainly with unreacted –OH groups forming a Si/Zr–O–Al film. The multilayer was homogeneous and exhibited a low number of defects, as shown by the top and cross-section SEM/EDS images. The ALD alumina film diffused in the TMZ coating structure, thus sealing the pores in the outer part of the TMZ coating.



The aluminium coated with the multilayer TMZ/Al2O3 coating imparted excellent corrosion resistance to the underlying aluminium substrate during three weeks of immersion in 0.1 M NaCl. The impedance magnitude increased by two orders compared to the uncoated aluminium substrate (|Z|10 mHz from 16 kΩ cm2 to almost 830 MΩ cm2). Thus, the pore sealing of the sol–gel coating using the ALD alumina film produced a protective multilayer coating system because |Z|10 mHz remained above 5 MΩ cm2 after four weeks in sodium chloride solution.
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Figure 1. (a) Three-dimensional real-time FTIR spectra of hydrolysed MAPTMS and TEOS to obtain Sol 1; (b) molecular structures of 3-methacryloxypropyl trimethoxysilane (MAPTMS) and tetraethyl orthosilicate TEOS; (c) intensities of selected bands in the FTIR spectra vs. the time denoted in (a). 
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Figure 2. (a) Individual FTIR spectra of ZTP, MAA, and ZTP+MAA of Sol 2; (b) molecular structures of zirconium(IV) n-propoxide and methacrylic acid; (c) intensities of selected bands denoted in (a) during the chelation process of ZTP during the addition of MAA to obtain the Sol 2 (ZTP/MAA = 1:2). 
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Figure 3. (a) Three-dimensional real-time FTIR spectra of hydrolysed MAPTMS and TEOS (Sol 1), followed by the addition of ZTP/MAA (Sol 2) to obtain the final TMZ sol; (b) intensities of selected bands in the FTIR spectra vs. time from (a) (part of the FTIR spectra for bands 1428 and 1550 cm−1 is not shown). 
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Figure 4. Normalised FTIR spectra of (a) the ground aluminium surface and ground aluminium surfaces coated with (b) the TMZ coating, (c) the Al2O3 film, and (d) the multilayer TMZ/Al2O3 system (vertical dashed lines denote some of the characteristic bands in the FTIR spectra). 
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Figure 5. Schematic presentation of (a) the ALD cycle using trimethyl aluminium (TMA) and water as co-reagent and (b) the multilayer TMZ/Al2O3 coatings system deposited on the aluminium surface. The inset figure schematically presents the principle of the ALD pore-sealing effect of a TMZ coating (Si–O–Zr hybrid sol–gel coating). 
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Figure 6. SEM morphology images of the ground aluminium surface at (a,b) low and (c,d) high magnification. The black arrows in (a,b) mark the irregularities and grinding residuals in the direction of the grinding. The white arrows in (c,d) mark the voids and pores in the naturally passivated aluminium surface. 
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Figure 7. SEM morphology images of aluminium coated with TMZ coating using (a) the secondary electron (SE) and (b) back-scattering electron (BSE) imaging modes. The square marks the positions where the EDS mapping was performed. The elemental mapping analyses of silicon, zirconium, and oxygen are shown on the right. Additionally, the EDS spectrum and composition are given in the atomic percentage. 
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Figure 8. FIB-SEM cross-section morphology of aluminium coated with TMZ coating and elemental mapping analysis of aluminium, oxygen, silicon, zirconium, and platinum of the marked white rectangle. 
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Figure 9. SEM morphology images of the surface of ground aluminium after the thermal deposition of 100 nm ALD Al2O3 at 160 °C presented at (a,b) at low and (c,d) high magnification. The black arrows in (a,b) mark the grinding residuals, and the white arrows in (b) mark the voids and pores. Figure (e) shows a cross-section of ALD film on the ground Al. The red arrows in (e) mark the naturally formed aluminium oxide film, and the yellow arrows mark the uncoated voids in the aluminium structure. 
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Figure 10. (a,b) SEM morphology images of the TMZ/Al2O3 multilayer system on Al. (c) FIB-SEM cross-section image of the multilayer system and (d) elemental mapping analysis of aluminium, oxygen, silicon, zirconium, and platinum of the marked white rectangle in (c). 
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Figure 11. Bode plots (impedance magnitude and phase angle) of the aluminium coated with TMZ, ALD Al2O3, and TMZ/Al2O3 after 1 h of immersion. A curve for the ground aluminium immersed for 1 h has been plotted for comparison. 






Figure 11. Bode plots (impedance magnitude and phase angle) of the aluminium coated with TMZ, ALD Al2O3, and TMZ/Al2O3 after 1 h of immersion. A curve for the ground aluminium immersed for 1 h has been plotted for comparison.



[image: Metals 13 01960 g011]







[image: Metals 13 01960 g012] 





Figure 12. Bode plots (impedance magnitude and phase angle) of the aluminium coated with (a) TMZ, (b) ALD Al2O3, and (c) TMZ/Al2O3 at different immersion times. A curve for the ground aluminium immersed for 1 h has been plotted for comparison. 
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Table 1. Summary of the coatings’ characteristics.
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	Coating
	Precursors
	Preparation
	Coating Deposition
	Thickness





	TMZ

sol–gel
	MAPTMS, TEOS, ZTP and MAA
	Synthesis at room temperature.
	Spin-coating.
	3.8 µm



	Al2O3-ALD
	TMA, H2O
	Deposition in vacuum at 150 °C.
	Layer-by-layer deposition.
	100 nm










 





Table 2. Most characteristic bands in the FTIR spectra for bonds in initial precursors and TMZ sols. Data from [11,16].
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	Chemical Bonds
	Wavenumber [cm−1]





	Si–O–R (MAPTMS or TEOS)
	1164, 1081, 815, 785



	Si–OH
	942



	Si–O–Si
	1084, 1027



	Zr–O–R (ZTP)
	1555, 1376, 1459, 1130, 1044, 1003, 890, 834



	MAA
	1691, 1634, 1455, 1428, 1298, 1203, 810



	ZTP/MAA
	1646, 1055, 1248, 834



	Si–O–Zr (TMZ)
	1014, 1031, 943, 969










 





Table 3. Impedance magnitude at 10 mHz (|Z|10 mHz) determined from EIS spectra in Figure 12 for the TMZ-, Al2O3- and TMZ/Al2O3-coated Al samples after different immersion times in 0.1 M NaCl.
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Sample

	
Immersion Time

	
|Z|10 mHz [MΩ cm2]






	
Ground Al

	
1 h

	
0.016




	
Al coated with TMZ

	
1 h

	
25.5




	
1 day

	
15.4




	
1 week

	
6.1




	
2 weeks

	
4.1




	
3 weeks

	
2.5




	
4 weeks

	
0.54




	
Al coated with ALD

	
1 h

	
80.4




	
1 day

	
78.5




	
1 week

	
11.1




	
2 weeks

	
0.23




	
Al coated TMZ+ALD

	
1 h

	
827.2




	
1 day

	
580.9




	
1 week

	
280.2




	
2 weeks

	
124.8




	
3 weeks

	
31.9




	
4 weeks

	
5.0
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