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Abstract

:

The paper reports the results of the examination of the protective properties of silane coatings based on vinyltrimethoxysilane (VTMS) and ethanol (EtOH), doped with the following electrolytes: acetic acid (AcOH), lithium perchlorate LiClO4, sulphuric acid (VI) H2SO4 and ammonia NH3. The coatings were deposited on stainless steel X20Cr13 by the sol–gel dip-coating method. The obtained VTMS/EtOH/Electrolyte coatings were characterized in terms of corrosion resistance, surface morphology and adhesion to the steel substrate. Corrosion tests were conducted in sulphate media acidified up to pH = 2 with and without chloride ions Cl−, respectively. The effectiveness of corrosion protection was determined using potentiometric curves. It has been demonstrated that the coatings under study slow down the processes of corrosion of the steel substrate, thus effectively protecting it against corrosion.
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1. Introduction


The majority of metals in contact with atmospheric air (electrochemical corrosion) form a protective layer—an oxide (passive) film of their surface. The phenomenon of passivation provides a basis for the natural corrosion resistance of some metals and construction alloys, such as aluminium or stainless steels. However, it is not fully sufficient in more aggressive media, for example, in locations, where the metal is exposed to the action of chloride, bromide, or fluorine ions. The effects of corrosion processes are usually associated with additional, often considerable costs; therefore, various methods for protection against corrosion are used [1,2]. As mentioned above, the process of electrochemical corrosion proceeds in the environment of aggressive solutions of electrolytes. Therefore, this phenomenon affects the correct functioning of different types of current sources and materials (such as concrete, steel, etc.), which many people tend to forget.



Stainless steels, or iron alloys containing 12–18% chromium, have for many years enjoyed great popularity because of their corrosion resistance, availability and price. They have unique characteristics, thanks to which they find increasingly wide application in today’s technology. Their corrosion resistance, mechanical or engineering properties enable them to be used in particularly demanding working environments [3]. The martensitic stainless steel X20Cr13 used in the present study, intended for toughening, exhibits high mechanical properties, such as strength, ductility and machinability, while retaining sufficient corrosion resistance. X20Cr13 does not show resistance to chlorine, salts and intercrystalline corrosion. Stainless steel is suitable for operating in the environments of water vapour, low concentrated inorganic acids, solvents and pure water [4]. The corrosion resistance of stainless steels can be enhanced by introducing to them alloy additions, such as nickel or molybdenum, but also by forming protective coats on their surface [5,6].



The modification of metal surface belongs to corrosion prevention methods. Apart from classical metallic, inorganic, or paint coatings, also coatings of organosilicon compounds (siloxane compounds) obtained from modifying solution, attract a lot of attention. These are coatings composed of siloxane bonds formed as a result of the reactions of hydrolysis and condensation. One of the simpler and the most common methods of depositing silane-based coatings is the sol–gel method [7,8]. Silane coatings are used especially for protecting poorly passivating metals, such as Al, Fe, Zn, Mg, Ti and stainless steel [3,9].



Silanes are compounds characterized by low toxicity and, most importantly, offer protection against corrosion and good adhesion to a substrate (e.g., steel). During the deposition of silane-based protective coatings, strong covalent bonds form [5,6]. It has also been shown that organosilanes provide effective corrosion protection of materials, such as aluminium and steel [10,11]. Silanes are used in corrosion protection chiefly as interlayers as they provide the adhesion of coatings to metals [12,13,14,15,16].



The protective properties of silane coatings (structure, stability in time, tightness, corrosion resistance) are related to the parameters of the silane solution (silane type, composition, concentration, pH), as well as with the method of application and the process of drying of the deposited coating at a specific temperature. In many publications [17,18,19,20] the authors, prior to depositing a sol–gel coating, used pre-treatment of the steel surface with acids with the aim of enhancing the adhesion and anticorrosive properties. Coatings based on organosilicon compounds are deposited on the surface of substrate elements, usually from modifying solutions being sol–gel solutions [21,22,23,24,25,26,27,28,29,30,31,32]. In the majority of cases, acetic acid and ammonia were included in the composition of modifying solutions [26,27,28,29,30,31,32].



The precursor of the reaction of synthesis in the sol–gel method are various alcoholates of metals, salts or nitrates. After immersing the metal in a diluted silane solution, particles are adsorbed on the metal surface through hydrogen bonds. The key reactions are hydrolysis and condensation, whereby a compact protective coating forms at the silane/metal interface. The hydrolysis and condensation (polycondensation) reactions occur simultaneously within the whole volume of the solution. The properties of the end product and the rate of the process are strongly influenced by, e.g., the R ≡ H2O: silane mole ratio, medium pH, solvent type, the nature and concentration of catalysts, and temperature; for example, individual stages of the sol–gel process run faster when an appropriate (acidic or basic) catalyst is used [33,34,35].



The present study is devoted to the structural examination and corrosion testing of coatings composed of vinyltrimethoxysilane (VTMS), ethanol and electrolytes, deposited on stainless steel X20Cr13. Within the study, the effect of the addition of an acidic and a basic electrolyte on the structural properties and corrosion protection of the investigated stainless steel was examined. The aim of the investigation was to obtain vinyltrimethoxysilane-based coatings by the dip-coating method of the best possible physical, chemical and anticorrosive protection, which could be used for the corrosion protection of applied metals and their alloys (Fe, Al, Zn, Cu and Cu).



Over a dozen or so years, many papers on the protection of metal surface with silanes have been published; it should be emphasized, however, that those publications did not address the effect of modifiers, i.e., electrolytes of varying pH values, on the process of protecting metals covered with silane coatings against corrosion.




2. Materials and Methods


Analytically pure reagents and deionized water were used in experiments. Sol–gel solutions were prepared by mixing vinyltrimethoxysilane (VTMS) of the molecular formula CH2=CHSi(OC2H5)3 (supplied by Sigma Aldrich), anhydrous ethyl alcohol EtOH (supplied by Sigma Aldrich) and electrolyte (acidic and basic, respectively). The volumetric VTMS:EtOH:Electrolyte ratio of the obtained coating was 4.84:2.16:3.0.



The following electrolytes were selected for testing:




	
acetic acid (AcOH) by Chempur (the method of depositing the coating based on VTMS and acetic acid was developed in previous studies [36]);



	
lithium perchlorate (LiClO4) by Fluka Chemika, as a strongly oxidizing anion of inhibiting properties [37,38,39,40,41,42];



	
sulphuric acid (VI) (H2SO4) by Chempur; an acid medium, with a passive film forming on the metal surface, containing sparingly soluble thermodynamically stable oxidation products [43,44,45,46];



	
ammonia (NH3)- P.P.H. by Polskie Odczynniki Chemiczne; a basic medium, for controlling the hydrolysis and condensation rates [47,48,49,50,51,52].








2.1. The Influence of the Reaction Environment on the Sol–Gel Process


Four (4) electrolytes (acetic acid CH3COOH (AcOH), lithium perchlorate LiClO4, sulphuric acid (VI) H2SO4 and ammonia NH3) were chosen for the sol–gel process on account of the hydrolysis reaction: acidic and basic hydrolysis.



Table 1 shows the effect of the medium (electrolyte) on individual stages of the sol–gel process. Table 2 gives examples of substances that speed up this process.



The sol–gel process can be run by two methods. The first method is one-stage basic or acidic catalysis. In the case of basic catalysis, hydrolysis proceeds with the participation of the hydroxyl anion (OH−). This ion reacts directly with the silicon atom, leading to the formation of silanol and the RO− group. It enables semi-transparent gels of high porosity to be obtained. In the case of acidic catalysis, on the other hand, the hydrolysis process is initiated by acid. Protons H+ react with the oxygen atoms bonded with the silicon atom in the –OR or OH group. This causes the electron cloud to shift towards the oxygen atom in the Si-O bond. As a consequence, this results in an increase in positive charge on the silicon atom. The water molecule combines with the silicon atom, which is followed by disintegration and the formation of silanols and alcohol. In acidic catalysis, we obtain transparent gels of low porosity [50].



For technological reasons, the sol–gel process is most favourably carried out by using the second of the above-mentioned methods, i.e., two-stage acidic-basic catalysis. This shortens the time necessary for obtaining the gel. The method comprises the first stage—hydrolysis at pH < 7, the second stage—raising the medium reaction up to a pH of approximately 7, whereby we slow down the hydrolysis process and accelerate the gelation process [51].




2.2. Preparation of Test Material


Stainless steel X20Cr13 of the following composition (in wt%): C-0.17; Cr-12.6; Si-0.34; Ni-0.25; Mn-0.30; V-0.04; P-0.024; and S < 0.005 was used for testing. Test samples were in the shape of 5 mm-diameter cylinders. Their walls were isolated in polymethyl methacrylate frames using epoxy resin. The geometric working surface area of the samples was 0.196 cm2. Prior to experiments, the samples were each time mechanically polished on abrasive papers with a decreasing grit size up to grade 2000, and then rinsed with distilled water and ethyl alcohol. Before applying a coating, each sample was flushed with acetone to degrease its surface. On the prepared electrodes, coatings were deposited by the dip-coating method following the procedure developed in the paper [36]. The composition and the stirring parameters for the test coatings are shown in Table 3.



The anticorrosive properties of the obtained coatings were assessed in two corrosion media: 0.5 mol dm−3 Na2SO4 (pH = 2) and 0.5 mol dm−3 Na2SO4 + 0.5 mol dm−3 NaCl (pH = 2) using a potentiodynamic technique with the use of a scanning potential from—0.8 V to 1.6 V at a polarization rate of 10 mVs−1. The values of all potentials were measured and expressed relative to the saturated calomel electrode.



The composition and surface appearance of the coatings deposited on the investigated steel were assessed using a JEOL JSM-6610 LV scanning electron microscope with an EDS-type X-ray microanalyzer (JEOL, Tokyo, Japan). Microstructural examination was carried out with a KEYENCE VHX 7000 digital microscope and an Olympus GX41 optical microscope (Keyence, Mechelen, Belgium). The surface roughness of the coatings was measured using an Hommel Tester T1000 profilometer (JENOPTIK Industrial Metrology, Jena, Germany). The microscopic surface maps were made using an AFM (Atomic Force Microscope) NanoScope V MultiMode 8 (BRUKER, Bremen, Germany). The characteristics of the coatings were determined using Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR- FTIR) Bruker Optics-Vertex 70 V (BRUKER, Bremen, Germany). The coatings thicknesses were measured using a DT-20 AN 120 157 meter (ANTICORR, Gdańsk, Poland). Electrochemical measurements were taken in the classical three-electrode system using a CHI 706 measuring station (CH Instruments, Austin, TX, USA). The working electrodes were steel X20Cr13 coated and uncoated as well as glassy carbon, an auxiliary electrode (platinum), and a reference electrode (the saturated calomel electrode, SCE).



The adhesion of the test coatings was assessed by a qualitative test using ScotchTM Tape (ScotchTM Brand, St. Paul, MI, USA).




2.3. The Preparation of Samples for Structural Examination (Sample Cross-Section)


Samples for structural examination (sample cross-section) were prepared in four steps: application of a coating on steel, cutting the sample through in the plane perpendicular to the surface, then the samples were embedded in epoxy resin with graphite. So embedded specimens were subjected to grounding and polishing to obtain a mirror surface.




2.4. Corrosion Resistance Test in a Potassium Hexacyanoferrate (III) Solution (Ferroxyl Test)


For performing a quick test to indicate the barrier nature of the proposed protective coatings, it was applied the well-known and widely used ferroxyl test (ferroxyl indicator) in a modified form. For this purpose, the tested plate was immersed in a solution containing potassium ferricyanide. In the presence of iron ions (formed in the process of corrosion in an acid medium), insoluble blue iron (II) hexacyanoferrate (III) (Prussian Blue) appears, indicating that the material dissolving in anodic locations. A 2-mmol dm−3 potassium hexacyanoferrate (III) K3[Fe(CN)6] solution was utilized for testing. An X20Cr13 steel sample uncovered and covered with a VTMS/EtOH/AcOH coating in a VTMS concentration of 3.16 mol dm−3 were immersed in potassium hexacyanoferrate (III) solution. Afterward, electrochemical measurements were taken by the cyclic voltammetry in the potential range from −0.6 V to 1.2 V vs. SCE [49,50].





3. Results


3.1. Microstructural Observations and Chemical Analysis


The topography of obtained coatings was assessed using a light microscope. Figure 1 and Figure 2 show the morphology of the investigated coatings deposited on the X20Cr13 stainless steel surface. All of the four coating types uniformly cover the entire surface of the electrodes without any free structural spaces. A structure of the metallic substrate with polishing traces is visible in the photographs (Figure 1). As shown in Figure 1, the coatings morphology is compact, smooth, shiny and transparent over the entire sample surface.



Figure 2 represents the topography of VTMS/EtOH/AcOH, VTMS/EtOH/LiClO4, VTMS/EtOH/H2SO4, VTMS/EtOH/NH3 coatings, revealed using a scanning electron microscope. The obtained results confirm the previous observations: regardless of the added electrolyte, the morphology of VTMS coatings covers uniformly the sample surface, forming a compact, tight and homogeneous structure.



Figure 2B shows the cross-section of the obtained VTMS/EtOH/Electrolyte coatings deposited on the X20Cr13 stainless steel. The recorded profile indicates that the coatings are uniformly deposited on the steel surface. The structural observations confirm that the coatings are free from any cracking and their surface roughness is negligible, which is a huge asset from the point of view of the corrosion resistance of steel. The average coatings thickness (as measured in four locations on the sample) were the following for respective coatings: VTMS/EtOH/AcOH 11.4 µm (a); VTMS/EtOH/LiClO4 8.05 µm (b); VTMS/EtOH/H2SO4 8.65 µm (c); VTMS/EtOH/NH3 12.8 µm (d). Based on the cross-section, it was demonstrated that the modification of the silane solution with various electrolytes had a significant effect on the coating thickness.



3.1.1. Chemical Composition of the VTMS/EtOH/Electrolyte Coatings


The chemical composition of the produced coatings was determined using an electron scanning microscope equipped with an EDS X-ray chemical analyzer. Based on the performed chemical analysis, the contents of silicon for respective coatings are as follows: VTMS/EtOH/AcOH 32.47%; VTMS/EtOH/LiClO4 29.05%; VTMS/EtOH/H2SO4 30.26%; VTMS/EtOH/NH3 25.87%. The rest was made up of the elements C and O.




3.1.2. Testing for Adhesion to the Substrate


Immediately after depositing VTMS/EtOH/Electrolyte coatings, their adhesion to the X20Cr13 stainless steel substrate was tested using ScotchTM Tape. The produced coatings are characterized by good adhesion to the steel substrate.




3.1.3. Surface Roughness of Obtained Coatings


The measurement of the surface roughness of the VTMS/EtOH/Electrolyte coatings deposited on the X20Cr13 stainless steel taken with a profilometer is represented in Figure 3. Both the topography and profile of the coatings confirm that the coatings are free from cracking, and their surface roughness is little (low Ra values). The testing results differ, depending on the electrolyte used; the closest Ra values can be observed for VTMS/EtOH/AcOH and VTMS/EtOH/NH3 coatings (Ra = 0.40–0.43 µm). Table 4 shows the results of the measurement of parameter Ra.



The examination made using an AFM microscope confirms the previous findings that the addition of electrolyte has an effect on the coating surface roughness. The surface morphologies of VTMS/EtOH/Electrolyte coatings produced on the metal surface, with a varying electrolyte addition, are illustrated in Figure 4. The recorded values of parameter Ra for respective coatings are as follows: VTMS/EtOH/AcOH 0.381 µm; VTMS/EtOH/LiClO4 0.908 µm; VTMS/EtOH/H2SO4 1.45 µm; VTMS/EtOH/NH3 0.389 µm.



Protective coatings are generally porous layers; after some time, the surface of steel or metal will come into contact with an aggressive electrolyte solution, water, or oxygen molecules. A discontinuity in the coating may initiate pitting or crevice corrosion. Obtained protective coatings, as compared to the protected elements, are usually extremely thin.




3.1.4. Thickness of Obtained Coatings


One of the key parameters influencing the corrosion resistance of elements is the thickness of their protective coatings. In the present study, this parameter has been analyzed using three examination methods. Based on profile examination (Figure 2B), the thickness of obtained coatings was analyzed. The thickness of each coating is the average of 4 measurements: VTMS/EtOH/AcOH 11.4 µm (a); VTMS/EtOH/LiClO4 8.05 µm (b); VTMS/EtOH/H2SO4 8.65 µm (c); VTMS/EtOH/NH3 12.8 µm (d).



The recorded thicknesses measured with a profilometer are given in Table 5.



To compare the thicknesses of the coatings, in addition to the methods described above, thickness measurements were taken using a DT-20 Testan meter with an integrated probe designed for measuring on ferro- and non-ferromagnetic substrates. A series of 10 measurements (at different locations on the sample) was done; Table 6 provides recorded thickness values for VTMS/EtOH/Electrolyte coatings. The obtained coatings thickness values are consistent with those produced with a digital microscope and a profilometer.



Based on the performed measurements using three instruments (a digital microscope, profilometer, and a thickness meter), the mean coatings thickness was determined (Table 7).



The differences in coatings thickness between individual methods were negligible, which confirms the usefulness of the applied methods for coatings thickness measurement.





3.2. Analysis of Coatings Composition


The characteristics of vinyltrimethoxysilane- based coatings deposited on the X20Cr13 steel substrate were determined using Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR). The ATR-FTIR spectra of VTMS/EtOH/Electrolyte coatings are shown respectively in Figure 5. Characteristic absorption peaks were observed for VTMS in the range of 4000–400 cm−1. The absorption bands observed at the values of 2953 cm−1, 2857 cm−1 and 1290 cm−1 correspond to the asymmetric tensile and bending vibrations of the C-H bond belonging to the –Si-(OCH3) group. Subsequent peaks were noted at the values of 1602 cm−1 and 1410 cm−1, which correspond to the tensile vibrations of the C=C bond of the CH2=CH- group. The bands of values of 1000 cm−1, 883 cm−1 and 750 cm−1 correspond to the vibrations of Si-O-C. The wide band occurring at about 1100 cm−1 corresponds to the asymmetric tensile vibrations of the Si-O-Si bond. The peak at the value of 704 cm−1 corresponds to the Si-C bond. The wide absorption band at about 3400 cm−1 was caused by the –OH groups. The peak at 964 cm−1 was ascribed to the asymmetric bending vibrations of the Si-OH bond, whereas the band observed at the wavelength of 3053 cm−1 matches the vibrations in the alkene group.




3.3. Electrochemical Analysis


To make the assessment of the kinetic tendency to either general or pitting corrosion, measurements of open circuit potential (OCP) were taken for steel uncovered and covered with a VTMS coating, respectively, with the addition of electrolyte in the form of either: acetic acid (b), lithium perchlorate (c) sulphuric acid (VI) (d), or ammonia (e).



As shown by the open circuit potential measurements illustrated in Figure 6A,B, the steel not covered with a coating directly after being immersed in the test solutions exhibits a potential of approximately −0.4 V, which decreases for longer exposure times and takes on the value of corrosion potential for steel (−0.5 V). For steel X20Cr13 covered with the coatings: VTMS/EtOH/LiClO4, VTMS/EtOH/H2SO4 and VTMS/EtOH/NH3, Figure 6A, the OCP potential increases for the initial 24 h until reaching a value of 0.4 V. As can be seen from Figure 6A (line b), the steel covered with a VTMS/EtOH/AcOH coating directly after being immersed in the corrosion solution shows a potential of 0.2 V, which increases up to 0.4 V after 24 h exposure. The values of potential for all steels covered with coatings after prolonged immersion in the corrosion solution show potential from the passive range, so more positive than Ekor (0.5 V).



The dependence of the open circuit potential of uncoated and coated steel on the time of holding in the chloride ion-containing corrosion solution is represented in Figure 6B. The uncoated X20Cr13 steel undergoes active dissolution after approximately 50 h of immersion in the corrosion solution. By contrast, the steel covered with VTMS-based coatings, upon immersion in the corrosion solution, exhibits a potential from the passive range. The potential of the steel covered with VTMS/EtOH/AcOH coatings increases, for the initial 24 h, up to a value of approximately 0.45 V and stays on this level for another 13.5 days; for VTMS/EtOH/H2SO4, the potential is −0.25 V and remains for 350 h; for VTMS/EtOH/NH3, after 150 h, it amounts to −0.35 V and holds on this level for subsequent 200 h; and for VTMS/EtOH/LiClO4, the potential stays at the level of 0.35 V for 240 h and then dramatically decreases to a value of 0.0 V.



It is worth noting that the stationary potential value of the coated steel, despite the log time of exposure in the chloride ion-containing corrosion solution, is more positive than the stationary potential value of steel. Microscopic observations after the measurement did not reveal any local corrosion effects under the VTMS/EtOH/AcOH coating, which indicates significant substrate protection.



To establish the most effective influence of electrolytes on the anticorrosion properties of the produced VTMS silane coatings deposited on the X20Cr13 steel, the assessment of their capacity for inhibiting general and pitting corrosion was made using potentiodynamic curves. The experiment was conducted in two solutions:




	
for general corrosion: 0.5 mol dm−3 Na2SO4 pH = 2 (Figure 7A),



	
for pitting corrosion: 0.5 mol dm−3 Na2SO4 + 0.5 mol dm−3 NaCl pH = 2 (Figure 7B).








The potential range of −0.8–1.6 V for the X20Cr13 steel uncoated and coated, respectively.



As follows from Figure 7A, the produced VTMS/EtOH/Electrolyte coatings inhibit the cathodic and anodic processes and shift the corrosion potential of the steel by approximately 0.5 V (the VTMS/EtOH/AcOH coating). The anodic current densities for the steel covered with VTMS/EtOH/Electrolyte coatings in the passive range are smaller by 1–4 times than those for the uncoated steel.



To assess the capacity of the produced coatings to inhibit pitting corrosion, similar potentiodynamic curves were plotted for a sulphate solution acidified to pH = 2, containing an addition of 0.5 mol dm−3 of chloride ions (Figure 7B).



The corrosion potential of the X20Cr13 steel for all coatings is shifted by approximately 0.1–0.5 V towards positive values relative to the corrosion potential values recorded for the uncoated steel (Ekor = −0.527 V). Lower values of cathodic and anodic current densities were also observed for the steel covered with these coatings, compared to the uncoated steel.



The shape of the polarization curves shows that the pitting nucleation potential (Epit) amounts to, respectively: for the uncoated steel 0.12 V; for the steel covered with the coatings: VTMS/EtOH/LiClO4 0.18 V; VTMS/EtOH/H2SO4 0.19 V; VTMS/EtOH/NH3 0.64 V. The thermodynamic susceptibility to pitting is similar for the coatings VTMS/EtOH/LiClO4 and VTMS/EtOH/H2SO4. As shown by Figure 7B (line b), in the case of employing the VTMS/EtOH/AcOH coating for steel protection, no puncture potential of the passive film (pitting nucleation potential) was observed. The silane coating modified with acetic acid effectively hinders the access of aggressive anions to the steel substrate, thus protecting the substrate against pitting corrosion. Microscopic observations after the measurement did not reveal any local corrosion effects under the VTMS/EtOH/AcOH coating. Figure 7B implies that the application of coatings on steel protects the substrate against local corrosion.



To verify the resistance of coatings deposited on steel to pitting corrosion, the chronoamperometric method was employed. In this method, variations in current density are recorded as a function of time after applying a constant potential to the working electrode. From chronoamperometric curves, one can infer the nucleation of pits.



To determine the stability of the applied coats, the time of holding the test samples in the corrosion solution containing chloride ions and the value of current density were compared at a preset potential. Chronoamperometric curves were recorded in a 0.5 mol dm−3 solution of Na2SO4 + 0.5 mol dm−3 NaCl with pH = 2 at a potential of 0.1 V for uncoated and coated steel, respectively.



Figure 8 shows the chronoamperometric curves for steel plotted at a potential of 0.1 V red out from the polarization curves, Figure 7B. As can be observed, the initiation of pit formation on the steel occurs within several seconds, after which the value of current density dramatically increases. In the case of applying the following coating types, VTMS/EtOH/AcOH, VTMS/EtOH/LiClO4, and VTMS/EtOH/H2SO4, the highest corrosion resistance was achieved. The increase in current density for the above-mentioned coatings occurred within a time span ranging from 250 to 312 h. The best capacity to block the transport of chloride ions responsible for pitting corrosion is shown by the VTMS/EtOH/AcOH coating (312 h).




3.4. Corrosion Resistance Test in a Potassium Hexacyanoferrate (III) Solution (Ferroxyl Test)


To demonstrate the corrosion resistance of coatings deposited on the X20Cr13 steel, electrochemical tests were carried out in a 2 mmol dm−3 solution of K3[Fe(CN)6].



Figure 9 shows a typical voltammetric response of the glassy carbon electrode (A) and the VTMS/EtOH/AcOH–coated X20Cr13 steel electrode (B) in the presence of Fe(CN)6 3− sampler ions. In the case of the pure glassy carbon electrode (Figure 9A), we observe a well-developed and quasi-reversible pair of ferrocyanide ions. By contrast, Figure 9B illustrates the voltammetric response of the VTMS/EtOH/AcOH coating on the X20Cr13 steel substrate, on which it does not observe any electrochemical response in the investigated potential range. This is associated primarily with the fact that ferrocyanide ions do not cross through the produced VTMS/EtOH/AcOH layer (pores in the layer are smaller than the size of the ferrocyanide ion). Additionally, no formation of the blue colouring (Prussian Blue formation) was observed on the steel surface, confirming definitely that the obtained coating provides a compact and tight protective barrier. Moreover, the VTMS/EtOH/AcOH layer formed on the X20Cr13 steel blocked the transport of electrons to ferrocyanide ions, has manifested itself by the attenuation of the redox currents (Figure 9B) [49,50].





4. Conclusions


The investigation of VTMS/EtOH/Electrolyte coatings has shown that the sol–gel process can be used for producing protective layers on stainless steel X20Cr13.



The selection of the appropriate electrolyte has a significant impact on the corrosion and structural properties of VTMS coatings (a uniform surface with no visible defects in the structure). The produced coatings exhibit good adhesion to the substrate and, in addition, extend the duration of steel resistance to the action of chloride and sulphate ions in an acid medium. The best ability to block the transport of chloride ions responsible for the pitting corrosion of steel is shown by the VTMS/EtOH/AcOH coating. The surface roughness and thickness of the coating may be influenced by the size of the doped electrolyte ion. Acetic acid-doped silane coatings deposited on the X20Cr13 steel, with low surface roughness and a small thickness of the coating, exhibit the anticorrosion properties.



Data obtained from potentiodynamic measurements show that the produced VTMS/EtOH/Electrolyte coatings provide stainless steel's anodic and barrier protection. An experiment using a potassium hexacyanoferrate (III) solution has confirmed that the VTMS/EtOH/AcOH coating forms a uniform, tight structure and blocks the transfer of electrons to ferrocyanide ions.







Author Contributions


Conceptualization and idea of this study, A.K. and L.A.; Methodology, L.A. and K.M.; Formal analysis, L.A. and K.M.; Writing—original draft preparation, A.K., L.A. and K.M.; Writing—review and editing, L.A. and A.K.; Visualization, L.A. and K.M.; Supervision, L.A.; Project administration, L.A.; Funding acquisition, L.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Deflorian, F.; Rossi, S.; Fedrizzi, L. Silane pre-treatments on copper and aluminium. Electrochem. Acta 2006, 51, 6097–6103. [Google Scholar] [CrossRef]

	



Bajat, J.B.; Milošev, I.; Jovanovic, Z.; Jancic-Heinemann, R.M.; Dimitrijevic, M.; Miškovic´-Stankovic, V.B. Corrosion protection of aluminium pretreated by vinyltriethoxysilane in sodium chloride solution. Corros. Sci. 2010, 52, 1060–1069. [Google Scholar] [CrossRef]

	



Adamczyk, L.; Giza, K.; Dudek, A. Electrochemical preparation of composite coatings of 3,4-etylenodioxythiophene (EDOT) and 4-(pyrrole-1-yl) benzoic acid (PyBA) with heteropolyanions. Mater. Chem. Phys. 2014, 144, 418–424. [Google Scholar] [CrossRef]

	



Ryan, M.; Williams, D.; Chater, R.; Hutton, B.M.; McPhail, D.S. Why stainless steel corrodes. Nature 2002, 415, 770–774. [Google Scholar] [CrossRef]

	



Asri, R.I.M.; Harun, W.S.W.; Samykano, M.; Lah, N.A.C.; Ghani, S.A.C.; Tarlochan, F.; Raza, M.R. Corrosion and surface modification on biocompatible metals: A review. Mater. Sci. Eng. 2017, 77, 1261–1274. [Google Scholar] [CrossRef] [PubMed]

	



Baddoo, N.R. Stainless steel in construction: A review of research, applications, challenges and opportunities. J. Constr. Steel Res. 2008, 64, 1199–1206. [Google Scholar] [CrossRef]

	



Brinker, C.J.; Scherer, G.W. Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing; Academic Press: San Diego, CA, USA, 1993. [Google Scholar]

	



Pierre, A.C. Introduction to Sol-Gel Processing; Kluver Academic Publishers: Boston, MA, USA, 1998. [Google Scholar]

	



Riskin, J.; Khentov, A. Electrocorrosion and Protection of Metals, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2019. [Google Scholar]

	



Zhu, D.; van Ooij, W.J. Corrosion protection of AA 2024-T3 by bis-[3-(triethoxysilyl)propyl]tetrasulfide in sodium chloride solution.: Part 2: Mechanism for corrosion protection. Corros. Sci. 2003, 45, 2177–2197. [Google Scholar] [CrossRef]

	



Plueddemann, E.P. Silane Coupling Agents, 2nd ed.; Plenum Press: New York, NY, USA, 1991. [Google Scholar]

	



Sathyanarayana, M.N.; Yaseen, M. Role of promoters in improving adhesion of organic coatings to a substrate. Prog. Org. Coat. 1995, 26, 275–313. [Google Scholar] [CrossRef]

	



Palanivel, V.; Zhu, D.; van Ooij, W.J. Nanoparticle-filled silane films as chromate replacements for aluminum alloys. Prog. Org. Coat. 2003, 47, 384–392. [Google Scholar] [CrossRef]

	



Tianlan, P.; Ruilin, M. Rare earth and silane as chromate replacers for corrosion protection on galvanized steel. J. Rare Earth 2009, 27, 159–163. [Google Scholar]

	



Balgude, B.; Sabnis, A. Sol–gel derived hybrid coatings as an environment friendly surface treatment for corrosion protection of metals and their alloys. J. Sol-Gel Sci. Technol. 2012, 64, 124–134. [Google Scholar] [CrossRef]

	



Liu, B.; Fang, Z.; Wang, H.; Wang, T. Effect of cross linking degree and adhesion force on the anti-corrosion performance of epoxy coatings under simulated deep sea environment. Prog. Org. Coat. 2013, 12, 1814–1818. [Google Scholar] [CrossRef]

	



Tavangar, R.; Naderi, R.; Mahdavian, M. Acidic surface treatment of mild steel with enhanced corrosion protection for silane coatings application: The effect of zinc cations. Prog. Org. Coat. 2021, 158, 106384. [Google Scholar] [CrossRef]

	



Rouzmeh, S.S.; Naderi, R.; Mahdavian, M. A sulphuric acid surface treatment of mild steel for enhancing the protective properties of an organosilane coating. Prog. Org. Coat. 2017, 103, 156–164. [Google Scholar] [CrossRef]

	



Gopi, D.; Saranswathy, R.; Kavitha, L.; Kim, D.K. Electrochemical synthesis of poly(indole-co-thiophene) on low-nickel stainless steel and its anticorrosive performance in 0.5 mol L−1 H2SO4. Polym. Int. 2014, 63, 280–289. [Google Scholar] [CrossRef]

	



Mekhalif, Z.; Cossement, D.; Hevesi, L.; Delhalle, J. Electropolymerization of pyrrole on silanized polycrystalline titanium substrates. Appl. Surf. Sci. 2008, 254, 4056–4062. [Google Scholar] [CrossRef]

	



He, J.; Zhou, L.; Soucek, M.D.; Wollyung, K.M.; Wesdemiotis, C. UV- Curable Hybrid Coatings Based on Vinylfunctionalized Siloxane Oligomer and Acrylated Polyester. J. Appl. Polym. Sci. 2007, 105, 2376–2386. [Google Scholar] [CrossRef]

	



Zhang, D.; Williams, B.L.; Shrestha, S.B.; Nasir, Z.; Becher, E.M.; Lofink, B.J.; Santos, V.H.; Patel, H.; Peng, X.; Sun, L. Flame retardant and hydrophobic coatings on cotton fabrics via sol-gel and self-assembly techniques. J. Colloid Interface Sci. 2017, 505, 892–899. [Google Scholar] [CrossRef]

	



Latella, B.A.; Ignat, M.; Barbe, C.h.; Cassidy, D.J.; Bartlett, J.R. Adhesion behaviour of organically-modified silicate coatings on stainless steel. J. Sol-Sel Sci. Technol. 2003, 26, 765–770. [Google Scholar] [CrossRef]

	



Zucchi, F.; Grassi, V.; Frignani, A.; Trabanelli, G. Inhibition of copper corrosion by silane coatings. Corros. Sci. 2004, 46, 2853–2865. [Google Scholar] [CrossRef]

	



Subramanian, V.; van OoIj, W.J. Silane based metal pretreatments as alternatives to chromating. Surf. Eng. 1999, 15, 2. [Google Scholar] [CrossRef]

	



Rouzmeh, S.S.; Naderi, R.; Mahdavian, M. Steel surface treatment with free different acid solutions and its effect on the protective properties of the subsequent silane coating. Prog. Org. Coat. 2017, 112, 133–140. [Google Scholar] [CrossRef]

	



Wojciechowski, J.; Szubert, K.; Peipmann, R.; Fritz, M.; Schmidt, U.; Bund, A.; Lota, G. Anti-corrosive properties of silane coatings deposited on anodised aluminium. Electrochim. Acta 2016, 220, 1–10. [Google Scholar] [CrossRef]

	



Pantoja, M.; Diaz-Benito, B.; Velasco, F.; Abenojar, J.; del Real, J.C. Analysis of hydrolysis of γ-methacryloxypropyltrimethoxysilane and its influence on the formation of silane coatings on 6063 aluminium alloy. Appl. Surf. Sci. 2000, 255, 6386–6390. [Google Scholar] [CrossRef]

	



Jeyaram, R.; Elango, A.; Siva, T.; Ayeshamariam, A.; Kaviyarasu, K. Corrosion protection of silane based coatings on mild steel I an aggressive chloride ion environment. Surf. Interfaces 2020, 18, 100423. [Google Scholar] [CrossRef]

	



Park, S.K.; Kim, K.D.; Kim, H.T. Preparation of silica nanoparticles: Determination of the optimal synthesis conditions for small and uniform particles. Colloids Surf. A Physicochem. Eng. Asp. 2002, 197, 7–17. [Google Scholar] [CrossRef]

	



Kim, K.D.; Kim, H.T. Formation of silica nanoparticles by hydrolysis of TEOS using a mixed semi-batch/batch method. J. Sol-Gel Sci. Technol. 2002, 25, 183–189. [Google Scholar] [CrossRef]

	



Bogush, G.H.; Zukoski, C.F. Preparation of monodisperse silica particles: Control of size and mass fraction. J. Non Cryst. Solids 1998, 104, 95–106. [Google Scholar] [CrossRef]

	



Meixner, D.L.; Dyer, P.N. Influence of sol-gel synthesis parameters on the microstructure of particulate silica xerogels. J. Sol-Gel Sci. Technol. 1999, 14, 223–232. [Google Scholar] [CrossRef]

	



Ran, C.; Lu, W.; Song, G.; Ran, C.; Zhao, S. Study on prolonging the working time of silane solution during the silylation process on carbon steel. Anti Corros. Methods Mater. 2011, 58, 328. [Google Scholar] [CrossRef]

	



Metroke, T.; Wang, Y.M.; van Ooij, W.J.; Schaefer, D.W. Chemistry of mixtures of bis-[trimethoxysilylpropyl]amine and vinyltriacetoxysilane: An NMR analysis. J. Sol-Gel Sci. Technol. 2009, 51, 23–31. [Google Scholar] [CrossRef]

	



Kucharczyk, A.; Adamczyk, L. The influence of the concentration of ingredients in the immersion deposition process on the protective properties of silan coatings made on stainless steel. Ochr. Przed Korozją 2020, 63, 290–294. [Google Scholar]

	



Innocenzi, P.; Brusation, G.; Guglielmi, R.; Bertani, R. New synthetic route to (3-glycidoxypropyl)trimethoxysilane-based hybryd organic-inorganic materials. Chem. Mater. 1999, 11, 1672–1679. [Google Scholar] [CrossRef]

	



Milosev, I.; Kapum, B.; Rodic, P.; Iskra, J. Hybrid sol-gel coating agents based on zirconium(IV) propoxide and epoxysilane. J. Sol-Gel Sci. Technol. 2015, 74, 447–459. [Google Scholar] [CrossRef]

	



Schmidt, H.; Seiferling, B. Chemistry and applications of inorganic-organic polymers (organically modified silicates). Mater. Res. Soc. Proc. 1986, 73, 739–750. [Google Scholar] [CrossRef]

	



Fedorchuk, A.; Walcarius, A.; Laskowska, M.; Vila, N.; Kowalczyk, P.; Cpałka, K.; Laskowski, Ł. Synthesis of vertically aligned Poros silica thin films functionalized by silver ions. Int. J. Mol. Sci. 2021, 22, 7505. [Google Scholar] [CrossRef] [PubMed]

	



Adamczyk, L.; Pietrusiak, A.; Bala, H. Corrosion resistance of stainless steel covered by 4-aminobenzoic acid films. Cent. Eur. J. Chem. 2012, 10, 1657–1668. [Google Scholar] [CrossRef]

	



Adamczyk, L.; Kulesza, P.J. Fabrication of composite coatings of 4-(pyrrole-1-yl) benzoate-modified poly-3,4-ethylenedioxythiophene with phosphomolybdate and their application in corrosion protection. Electrochim. Acta 2011, 56, 3649–3655. [Google Scholar] [CrossRef]

	



Sakakibara, M.; Saito, N.; Nishihara, H.; Aramaki, K. Corrosion of iron in anhydrous methanol. Corros. Sci. 1993, 34, 391–402. [Google Scholar] [CrossRef]

	



Kawai, T.; Nishihara, H.; Aramaki, K. Corrosion of iron in electrolytic anhydrous methanol solutions containing ferric chloride. Corros. Sci. 1995, 37, 823–831. [Google Scholar] [CrossRef]

	



Shintani, D.; Fukutsuka, T.; Matsuo, Y.; Sugie, Y.; Ishida, T. Passivation films beahavior of stainless steel under high temperature and pressure anhydrous metanol solution containing chlorid. In Proceedings of the CORROSION 2008, New Orleans, LA, USA, 16–20 March 2008. [Google Scholar]

	



Wang, L.; Gao, H.; Fang, H.; Wang, S.; Sun, J. Effect of metanol on the electrochemical behaviour and surface conductivity of niobium carbide-modified stainless steel for DMFC bipolar plate. Int. J. Hydrogen Energy 2016, 41, 14864–14871. [Google Scholar] [CrossRef]

	



Kamitami, K.; Uo, M.; Inoue, H.; Makishima, A. Synthesis and spectroscopy of TPPS-doped silica sol gels by the sol-gel process. J. Sol-Gel Sci. Technol. 1993, 1, 85–92. [Google Scholar] [CrossRef]

	



Saka, S. Handbook of Sol-Gel Science and Technology, Processing, Characterization and Applications; Springer International Publishing: Midtown Manhattan, NY, USA, 2004. [Google Scholar]

	



Miecznikowski, K.; Cox, J.A.; Lewera, A.; Kulesza, P.J. Solid state voltammetric characterization of iron hexacyanoferrate encapsulated in silica. J. Solid State Electrochem. 2000, 4, 199–204. [Google Scholar] [CrossRef]

	



Miecznikowski, K.; Cox, J.A. Electroanalysis based in stand-alone matrices and electrode-modifying films with silica sol-gel frameworks: A review. J. Solid State Electrochem. 2020, 24, 2617–2631. [Google Scholar] [CrossRef]

	



Owczarek, E.; Adamczyk, L. Electrochemical and Anticorrosion Properties of Bilayer Polyrhodanine/Isobutyltriethoxysilane Coatings. J. Appl. Electrochem. 2016, 46, 635–643. [Google Scholar] [CrossRef]

	



Furuhashi, T.; Yamada, Y.; Hayashi, M.; Ichihara, S.; Usui, H. Corrosion-resistant nickel thin films by electroless deposition in foam of electrolyte. MRS Commun. 2019, 9, 352–359. [Google Scholar] [CrossRef]








[image: Materials 14 06209 g001a 550][image: Materials 14 06209 g001b 550] 





Figure 1. Coatings topography: VTMS/EtOH/AcOH (a), VTMS/EtOH/LiClO4 (b), VTMS/EtOH/H2SO4 (c), VTMS/EtOH/NH3 (d), (×200). 
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Figure 2. (A) Topography of VTMS coatings deposited on steel X20Cr13 (SEM Jeol JSM-6610 LV), (B) Cross-section of coatings deposited on steel X20Cr13 (digital microscope KEYANCE VHX 7000, ×200). Coatings: VTMS/EtOH/AcOH (a), VTMS/EtOH/LiClO4 (b), VTMS/EtOH/H2SO4 (c), VTMS/EtOH/NH3 (d). 
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Figure 3. Roughness measurement Ra for coatings deposited on X20Cr13 steel: VTMS/EtOH/AcOH (a), VTMS/EtOH/LiClO4 (b), VTMS/EtOH/H2SO4 (c), VTMS/EtOH/NH3 (d). Profilometer Hommel Tester T1000. 
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Figure 4. AFM images of the surface of coatings deposited od steel X20Cr13: VTMS/EtOH/AcOH (a), VTMS/EtOH/LiClO4 (b), VTMS/EtOH/H2SO4 (c), VTMS/EtOH/NH3 (d). Pictures were taken using an AFM NanoScope V MultiMode 8 Bruker. 
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Figure 5. ATR- FTIR spectra obtained for VTMS coatings with a concentration of 3.16 mol dm−3 deposited on steel X20Cr13: VTMS/EtOH/AcOH (A), VTMS/EtOH/LiClO4 (B), VTMS/EtOH/H2SO4 (C), VTMS/EtOH/NH3 (D). 
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Figure 6. Potential measurement in open circuit potential OCP from exposure time in solution: 0.5 mol dm−3 Na2SO4 mol dm−3 pH = 2 (A) and 0.5 mol dm−3 Na2SO4 + 0.5 mol dm−3 NaCl pH = 2 (B) for steel X20Cr13 uncovered (a) and covered with coatings VTMS/EtOH: CH3COOH (b), LiClO4 (c), H2SO4 (d), NH3 (e). 
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Figure 7. Potentiodynamic polarization curves recorded in the solution: 0.5 mol dm−3 Na2SO4 pH = 2 (A) and 0.5 mol dm−3 Na2SO4 + 0.5 mol dm−3 NaCl pH = 2 (B) for uncoated steel X20Cr13 (a) and covered with coatings VTMS concentrations in a 3.16 mol dm−3 solution and the addition of an electrolyte: CH3COOH (b), LiClO4 (c), H2SO4 (d), NH3 (e). Polarization rate 10 mVs−1, solutions in contact with air. 
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Figure 8. Chronoamperometric curves recorded in a chloride solution (0.5 mol dm−3 Na2SO4 + 0.5 mol dm−3 NaCl pH = 2) for X20Cr13 steel not covered with the coating (a) and coated with VTMS in 3.16 mol dm−3 solution and addition of electrolyte: CH3COOH (b), LiClO4 (c), H2SO4 (d), NH3 (e). 
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Figure 9. Voltammetric response for: glassy carbon (A) and coated X20Cr13 steel with VTMS/EtOH/AcOH (B). Electrolyte: 2 mmol dm−3 K3[Fe(CN)6]. Polarization rate 10 mVs−1. 
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Table 1. The influence of the reaction environment on the speed of the sol–gel process.
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	Reaction Environment
	Hydrolysis
	Condensation
	Gelation





	alkaline
	speed drop
	high speed
	fast



	inert
	the slowest
	faster
	easier at pH ≥ 7



	acidic
	high speed
	0–2 pH—high speed

2–3 pH—the slowest

3–5 pH—speed drop
	slow
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Table 2. Substances accelerating the sol–gel process.
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	Stages of the Sol–Gel Process
	Hydrolysis
	Condensation





	Catalysts
	Aqueous solution HCl, HNO3, HF, icy CH3COOH
	NH3, NaOH
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Table 3. Composition of coatings and mixing parameters.
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Number

	
Cm VTMS

[mol dm−3]

	
EtOH

[mL]

	
H2O

[mL]

	
Electrolyte

	
Electrolyte Concentration

[mol dm−3]

	
Mixing Time

[h]

	
Immersion Time of the Steel Sample [min]

	
Rotations/min






	
1

	
3.16

	
2.16

	
2.9833

	
CH3COOH

0.0167 mL

	
0.003

	
48

	
20

	
400–1000




	
2

	
3.16

	
2.16

	
2.8936

	
LiClO4

0.1064 g

	
0.1

	
48

	
20

	
400–1000




	
3

	
3.16

	
2.16

	
2.5

	
2 mol dm−3 H2SO4 0.5 mL

	
0.1

	
24

	
20

	
400–1000




	
4

	
3.16

	
2.16

	
1–2 drops of 25% ammonia were added to 100 mL of water, then the pH was measured with a litmus paper

	
pH = 8–9

	
24

	
20

	
400–1000
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Table 4. Roughness parameter Ra for individual coatings deposited on steel X20Cr13.
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	Coating
	Ra [µm]





	VTMS/EtOH/AcOH
	0.40



	VTMS/EtOH/LiClO4
	0.87



	VTMS/EtOH/H2SO4
	1.32



	VTMS/EtOH/NH3
	0.43
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Table 5. Thickness measurement results for individual coatings on steel X20Cr13.
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	Coating
	Coating Thickness [µm]





	VTMS/EtOH/AcOH
	10.3



	VTMS/EtOH/LiClO4
	7.9



	VTMS/EtOH/H2SO4
	8.8



	VTMS/EtOH/NH3
	11.4
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Table 6. Coating thickness measurement results using a gauge Testan DT-20.
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Coatings Thickness [µm]




	
VTMS/EtOH/ AcOH

	
VTMS/EtOH/

LiClO4

	
VTMS/EtOH/

H2SO4

	
VTMS/EtOH/

NH3






	
Average

	
9.6

	
8.5

	
8.4

	
11.5
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Table 7. The average thickness of the coatings calculated by measurements from three instruments (a digital microscope, profilometer, and a thickness meter).
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	Coating
	Digital

Microscope

Average [µm]
	Profilometer

Average [µm]
	Thickness

Meter

Average [µm]
	Thickness of Coatings (Averegae of the Three Devices)

[µm]





	VTMS/EtOH/AcOH
	11.4
	10.3
	9.6
	10.4



	VTMS/EtOH/LiClO4
	8.05
	7.9
	8.5
	8.2



	VTMS/EtOH/H2SO4
	8.65
	8.8
	8.4
	8.6



	VTMS/EtOH/NH3
	12.8
	11.4
	11.5
	11.9
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