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Abstract

:

This work is focused on creating coating layers made of a metakaolin-based geopolymer suspensions (GP)-formed Al matrix modified using H3PO4 acid with Al(OH)3 in isopropyl alcohol, named GP suspension I, and H3PO4 acid with nano Al2O3 in isopropyl alcohol, named GP suspension J. The selected GP suspensions were applied on aluminum and steel underlying substrates as single-layer coatings and multi-layer coatings, where multi-layer coatings included three and five layers that were polymerized by a curing process. Curing was divided into two types with every layer curing process and final layer curing process. For both GP suspensions I and J, the effect of the number of layers and the type of substrate on adhesion was investigated. The prepared samples on underlying substrates were characterized on the microscopy analysis including SEM for high-resolution images and 3D laser confocal microscopy (CLSM) for the 3D visualization of the coatings structure. Microscopy analysis showed structural defects such as porosity, cracks and peeling, which increase with a greater number of applied layers. However, these defects were only evident on a micro scale and did not seem to be fatal for the performance of the surface stability. The EDS mapping of the prepared layer showed inhomogeneity in the distribution of elements caused by the brush application. A grid test and thickness measurement were performed to complete the microscopy analysis. The grid test confirmed a very high adhesion of GP coatings on the aluminum substrate with a rating of one (only in one case was there a rating of two) and a lower adhesion on the steel substrate with the most frequent rating of three (in one case, there were ratings of two and one). The thickness measurement proved a noticeably thicker thickness of the prepared layer on the Fe substrate compared to the Al substrate by 20%–30% in the case of suspension I and by 70%–10% in the case of suspension J. The thickness of the layer also showed a dependence on the method of application and curing, as a thicker layer was always achieved when curing after the final layer of the GP suspension, compared to curing after each applied layer. The resulting single-layer and multi-layer thicknesses ranged from approx. 7 to 30 µm for suspension I and from approx. 3 to 11 µm for suspension J. A non-linear increase in thickness was also evident from the thickness measurement data.
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1. Introduction


Synthetic inorganic polymers, also known as geopolymers (GP), consist of chains or networks of mineral molecules linked by covalent bonds [1].



GP are considered to be environmentally friendly materials that have the potential to be used as substitutes for ordinary Portland cement [2,3]. Geopolymers are produced from natural sources such as kaolinite or clays. Modern approaches also try to use industrial sources including fly ash, waste paper sludge or granulated blast furnace slag. Recycling these resources can have positive environmental impacts and reduce CO2 production compared to Portland cement production [4].



GP, as a group of alkaline-activated materials, have a number of exceptional properties such as strength, resistance to acids and bases, fire resistance, good thermal stability and good adhesion to the underlying substrate [5].



Also, there are some possibilities to use GP as a coating material for metal and nonmetal substrates. GP coating properties rely on the chemical composition of raw materials, followed by the roughness of the substrate or the Si/Al ratio [6,7]. Different types and concentrations of the acid could change the behavior and properties of the final GP coatings. For example, Shamala et. al. prepared GP coatings on wood substrates with various NaOH concentrations to find the best concentration for GP coatings [8]. The next factor for GP coatings depends on the water content, which affects the results of the GP coating thickness [9].



The preparation of geopolymers includes three basic phases. Dissolution is the first phase, in which Si and Al atoms transition from the basic raw material to the solution and complexes with hydroxide ions are formed. In the second phase, the condensation of monomers with mobile precursors follows, with a partial internal restructuring of the alkaline polysilicates. The third stage of the geopolymer formation process is the polycondensation or the polymerization of monomers. Here, the polymer structure is formed, and the whole system solidifies. The product is an inorganic polymer structure. It is very complicated to analyze ongoing processes because they occur almost simultaneously [10].



The geopolymerization process is based on the reaction of reactive aluminosilicates supplemented with metakaolin or fly ash, which quickly dissolve in alkaline solutions in the presence of alkali hydroxides (NaOH/KOH). This creates tetrahedral units-connected polymeric precursors (–SiO4–AlO4– or –SiO4–AlO4–SiO4– or –SiO4–AlO4–SiO4–SiO4–) forming amorphous geopolymer products with a 3D network structure [11,12]. Nergis reported that geopolymers also contain three types of pores formed by the arrangement of the OH– and Si groups (Si–OH), Si–O–Si groups, Si–O–Al groups and Si–O rings [13].



Some geopolymers are activated by acidic activators. The metakaolin-based geopolymer produced by using a phosphoric acid solution as an activator has a high compressive strength up to 93.8 MPa [14,15]. Another study also showed that acid-based geopolymers have a higher temperature resistance (up to 1450 °C) and better mechanical properties than alkali-based geopolymers [16]. However, GP have extremely good thermal stability and adhesion to the surfaces thought to be a kind of all-purpose material and potential tribological material [17].



Fire resistance is an interesting property of GP if the suspension contains a flame retardant. In our study, the stability of coatings with Al(OH)3 is monitored for possible future fire protection applications on Fe and Al substrates. Al(OH)3 as a flame retardant in a GP suspension was described on polystyrene and chipboard underlying substrates, and its positive influence has been proven [18].



The adhesion of the coating to the underlying substrate is an essential factor which is controlled by the surface treatments of the base metal as an underlying substrate [18]. Metal with a high surface roughness will have a higher adhesion strength with GP coating material compared to the polished metal substrate [9].



A general theory covering all relevant properties and parameters involved in the design and application of tribological coating composites is very far from being realized. Such a theory would have to treat the long chain of relations ranging from the coating deposition parameters to the tribological response of the coated component [19,20].



Obviously, a good adhesion to the substrate is a crucial property of most applications of coated components. Any adhesion test must superimpose an external stress field over the coating/substrate interface to cause a measurable adhesive failure. Since this stress field will depend on the geometry and type of loading (indentation, scratching, sliding, abrasion, impact, etc.) as well as on the elastic and plastic parameters of the coating and substrate, the resulting adhesion value will only be representative of the particular test from which it has been obtained [21].



There are many ways in which suspensions can be applied to a substrate surface. One of the simple methods of application, together with the satisfactory results of the final layer, is the application of the suspension with a brush. This method is very cheap, with minimal economic costs in creating a coating, and does not require deep knowledge and know-how in applying and creating a coating. The disadvantage is that it is not possible to accurately correct the achieved layer thickness, and also, the homogeneity of the resulting layer thickness fluctuates within a certain range. An airbrush appears to be another suitable method for applying the suspension. This method is also widely used, but its use is already economically and technologically more demanding. However, it can improve the homogeneity of the thickness of the resulting layer [22].



The aim of the work was to prepare and compare single- and multi-layer coatings on metal underlying substrates, aluminum and construction steel. It was important to explain what effect applying a thicker layer with a brush would have on the adhesion, overall surface quality and change in thickness compared to single-layer systems and various application/curing methods. The prepared GP coatings were characterized using confocal microscopy and SEM (scanning electron microscopy) to capture the microstructure and the visual quality of the coatings. These results were supplemented by a grid test and thickness measurement.



This work follows our previous research [23,24] and expands our knowledge about the selected single- and multi-layer GP coatings with different applications by brushes and some types of curing processes. We observed changes in the visual quality of the prepared GP coatings and changes in their mechanical properties.




2. Materials and Methods


The GP coating was selected based on our previous research [23,24]. The selected GP had good properties, which was a good starting point for the following complex research creating multi-layer GP coatings. In this work, we presented this advanced preparation of GP coatings compared with a multi-layered GP coating.



The chosen substrates were aluminum alloy EN-AW 6060 (AlMgSi0.5) [25,26] and construction steel 1.0038 (according to EN 10025-2). These underlying substrates have been chosen as the most common alloys in all sectors of industry. The preparation of the substrate before the application of the geopolymer suspension consists only in removing gross impurities and degreasing the surface with an organic solvent (acetone). No other pre-treatment of the surface was applied; therefore, their natural oxide layers are found on the surface of the substrates.



2.1. Preparation of the Suspensions and Underlying Substrate


The preparation of the geopolymer suspension consists in mixing basic raw materials that have different phases (liquid and solid). In this research, there is a liquid component, phosphoric acid (H3PO4) and isopropylalkohol (iPrOH), for both GP suspensions and a solid component, metakaolin with AlOH3 (for GP suspension I) and metakaolin with powder Al2O3 (for GP suspension J). The good homogenization of the resulting mixture after mixing the basic ingredients is very important. A laboratory homogenizer, AD300L-H, 10,000 RPM, was used for homogenization and mixing.



Geopolymer suspensions I and J were selected from previous research for their interesting properties on the Al substrate [23], where geopolymer I reached an average coating thickness of 2.7 μm and geopolymer J reached one of only 1.5 μm. Both suspensions had excellent adhesion to the Al substrate. Even the microhardness values of HV 0.1 achieved very good results (GP I 118.4 HV 0.1 and GP J 127.1 HV 0.1) compared to the underlying substrate Al 93.6 HV 0.1.




2.2. Roughness of Al Substrate EN AW-6060 and Fe Substrate 1.0038


For the application of conventional coatings with an organic or inorganic composition (most often for the anti-corrosion protection of metals) on metal surfaces, the roughness of the underlying substrate is very important [27,28]. For example, for aluminum alloys, the adhesion of such coatings is generally lower than that when applied to steel surfaces [29,30,31,32,33].



The roughness of the used metal substrates EN-AW 6060 and 1.0038 was measured using a Hommel Tester t1000 according to ISO 4287. The input values of the measurement were as follows: probe type T1E 2 μm/90°, compressive force 1.5 mN, traverse length 4.8 mm, traverse speed 0.5 mm/s and measurement range ±80 μm/0.01 μm. For the underlying metal substrates, a sheet with a thickness of 3 mm was used for both types. These sheets were processed by rolling and show a one-way orientation of the grooves that were created during the rolling process, as shown in the detail of the surface in Figure 1. This orientation is very well observed in the aluminum alloy. The roughness of the substrates was measured along the rolling direction A and also perpendicular to the rolling direction B, as shown in Figure 1. Table 1 shows the achieved surface roughness values in individual directions [23].




2.3. Application of GP Suspensions


Application by brush was chosen, which is the simplest possible application of geopolymers with a sufficient resulting coating quality [23].



The geopolymer suspension was applied to the substrate by a brush, which is designed for water-based coatings. This method was chosen as in previous research [23], but with a different approach regarding the thickness of the coatings. In this case, we tried to prepare thicker layers with a brush compared to the previous research [23]. In previous research, it was found that by applying geopolymer suspensions with different compositions in one layer using a brush, very thin coatings with a thickness of up to approx. 20 µm (depending on the type of GP) with good adhesion can be achieved on the Al and Fe substrate. These thickness sizes were conditioned by the application of a very thin layer of the suspension with a brush; when applying the suspension, care must be taken to spread it very well over the surface of the substrate. The result was coatings that have a very good surface quality and very good adhesion [23,24]. Such application of GP in a thin layer is not complicated, but it requires concentration, and when applying it to larger or more fragmented surfaces, this procedure may no longer be followed exactly. A failure to follow the procedure can be caused by, for example, the human factor or even the brush application method itself, when this method is simple but not very accurate. The following research therefore simulates a process where the application procedure of a very thin layer is not followed, but the GP layer applied with a brush is thicker and a comparison is made of the effect on the properties (adhesion) and the appearance of the surface that the application of a thicker layer/layers will have.



Labeling explanations in Figure 2: GP—geopolymer suspension, X—type of geopolymer suspension (I or J), -/S—application and curing method (-—curing after each applicated layer; S—curing after three or five layers; see Figure 3), 1 L, 3 L, 5 L—number of layers applied (1 L—one layer, 3 L—three layers, 5 L—five layers). Our geopolymers were divided into four series, where two different GP coatings (I or J) were applied by brush on two metal substrates (Al or Fe).



In order for geopolymer suspensions to acquire their final properties after the application to the underlying substrate (Figure 2), chemical reactions, so-called geopolymerization, must occur in the mixture [24,34,35]. For the geopolymer mixture, geopolymerization occurs at elevated temperatures, in contrast to mixtures with a different composition, where geopolymerization can occur at lower temperatures [24,34,35]. For the selected geopolymer mixture, it is necessary to reach a certain minimum temperature, which was experimentally determined to be 170 °C, and to maintain the same conditions as in the previous research [23]. This temperature is an important parameter influencing the resulting quality of the coatings. This increase in the temperature is needed for the geopolymerization process [24].
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Figure 3. Curing for the geopolymerization of coatings. 
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Every series of GP has a different curing for the geopolymerization of these coatings shown in Figure 3. The geopolymers marked GP X 1L, GP X 3L and GP X 5L had a curing process with every layer immediately after the application. The GP marked GP X S 3L and GP X S 5L had a different approach to geopolymerization curing, with only single curing after the third or fifth layer of GP coatings. Between every layer, there were 24 h of drying, and after that, the next layer was applied. This approach changed the coatings’ properties and their behavior (see the next chapters). This curing procedure was chosen in order to simplify the application of the suspensions to the substrate and at the same time reduce the resulting cost of creating multilayer coatings and analyze whether there is a difference between the layers when applying and curing after each layer compared to curing after applying the final layer.




2.4. Experimental Methods


All samples were prepared by manually painting the geopolymer suspensions onto the underlying substrates using a brush. The microstructure of the coatings was observed on an Olympus SZ61 optical microscope and then on a 3D laser confocal microscope LEXT OLS5000 SAF (CLSM) and on a Vega 3 scanning electron microscope (SEM) from Tescan company (Tescan, Vega 3, Brno, Czech Republic). The thickness of the geopolymer liners was measured with a DeFelsko PosiTector 6000 portable coating thickness meter for metal substrates with an FNS type probe, with a measurement range of 0–1500 μm accuracy ± (1 μm + 1%) for a coating thickness of 0–50 μm, according to ISO 2360. The adhesion of the geopolymer to the chosen substrates was analyzed by the grid test method, according to ISO 2409 [36]—specifically, with the Elcometer 1542 grid test set.





3. Results and Discussion


3.1. Microstructure Analysis of Geopolymer Coatings Using SEM and CLSM


3.1.1. Geopolymer I Al


Figure 4 shows:




	
Sample I 1L Al: The surface was slightly rough and showed microporosity. A small number of cracks are visible.



	
Sample I 3L Al: The surface was also slightly rough. On this surface, there is also visible microporosity, but in a smaller amount compared to the previous sample, and cracks emerge from the porosity, which are larger than those in the sample I 1L Al. However, there were visible cracks that were stable, and no flaking was present.



	
Sample I 5L Al: The surface was very rough and contained large porosity that looked like bubbles.



	
Sample I S 5L Al: The surface was slightly rough. It contained porosity that looked like bubbles, like the previous sample, but in a small amount. The cracks were smaller compared to those of sample I 3L Al and stable.



	
Sample I S 5L Al: The surface was slightly rough, and it was different compared to that of the other sample coatings of this series. The surface was granular, without any porosity or cracks. We assume that this structure is not ideal, and from previous research, we can predict weak adhesion behavior.








Figure 4 shows the disparity in the surface structure between all of the analyzed samples. Even if they are coatings created from the same type of geopolymer suspension, which differ only in the number of created layers or in the curing method, the resulting surfaces are completely different. All coatings except for I S 5L Al exhibit some form of porosity. The I S 5L Al coating was granular and did not show any form of porosity. All coatings are stable, the surface shows no flaking and the cracks are minimal and distributed homogeneously over the entire surface.
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Figure 5. EDS mapping analysis of the surface of I geopolymer suspensions on the aluminum substrate. 
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The Figure 5 showed that except for the porosity positions, where, naturally, the presence of the elements analyzed using the EDS method was lower, it is evident that the elements Al, Si and P were distributed homogeneously, except for the sample I S 5L Al with a granular structure. It was observed that Al is more represented in the structure compared to Si, as the main elements of the geopolymer system.




3.1.2. Geopolymer I Fe


Figure 6 shows:




	
Sample I 1L Fe: The coating surface of this sample is uniform, with a couple of small cracks. There is no visible porosity.



	
Sample I 3L Fe: This surface is similar to sample I 1L Fe. It is evident that there is not much difference between a single-layer and multi-layer system, but we can observe that the cracks tend to coalesce to form long cracks.



	
Sample I 5L Fe: This coating surface is the same as previous coatings on a steel substrate. However, it is completely without cracks.



	
Sample I S 5L Fe: This sample is very different compared to the sample I 3L Fe. The surface is granular, with fine cracks.



	
Sample I S 5L Fe: Even with this sample, the surface is different compared to that of the sample I 5L Fe, and a continuing trend can be seen with the layers applied in a different way (Figure 3). The layer is very fragmented and completely granular.








In Figure 6, it was observed that no form of porosity occurs anymore in the coatings on the steel substrate. For the I S 5L Fe sample, a granular surface structure was again observed, just like the sample on the aluminum substrate in Figure 4. A lesser extent of the granular structure of the coating was also observed in the I S 5L Fe sample.
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Figure 7. EDS mapping analysis of the surface of I geopolymer suspensions on the steel substrate. 
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Inhomogeneity was evident in all samples, even in samples without a granular structure. Figure 7 showed that the samples without a granular structure (I 1L Fe, I 3L Fe and I 5L Fe) have visible lumps on the surface, with an absence of P and a higher concentration of Al. The reason for this inhomogeneity was not studied, but it is probably a behavior of the geopolymerization and a property of the geopolymer. Application suspension by brush can also have an effect, since this phenomenon is also observed in the same suspension on the Al substrate, as described above. Si is distributed homogeneously.




3.1.3. Geopolymer J Al


Figure 8 shows the following:




	
Sample J 1L Al: The surface had a very fine and smooth surface structure. It was stable, without visible cracks or flaking. There were visible lines after painting with a brush.



	
Sample J 3L Al: There were also visible lines after painting with a brush; however, there were cracks on places with the thickest coating, which represents brighter places on the SEM picture.



	
Sample J 5L Al: This surface was not as smooth as previous surfaces. There were visibly larger cracks than in the previous sample, which were visible mainly in places with a thicker layer of coating, but no flaking.



	
Sample J S 3L Al: This surface was also not smooth. Cracks were visible.



	
Sample J S 5L Al: The surface was slightly rough. On this surface, there were visible, large cracks. Here, there was also visible flaking for the first time.








The GP J coatings on the aluminum substrate show different surface structures compared to the GP I coatings in Figure 4. In the GP J coatings, there were not any signs of porosity or granular structures. The J S 5L Al sample showed a considerable number of cracks. The same J 5L Al multi-layer sample, where the layers were cured sequentially, showed fewer cracks, and spalling was present only in the sample J S 5L Al.
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Figure 9. EDS mapping analysis of the surface of J geopolymer suspensions on the aluminum substrate. 
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The inhomogeneity of the distribution of Al and P elements which could be seen on Figure 9 was clearly visible on the J 1L Al and J 3L Al samples in the lines, which were created after the application of the geopolymer by brush. These lines were characteristic of a thinner layer of the geopolymer coating. The lines were enriched more with phosphorous, and a smaller presence of aluminum was evident.




3.1.4. Geopolymer J Fe


Figure 10 shows:




	
Sample J 1L Fe: The surface had a very fine and smooth surface structure. Cracks were regular and visible only in the detail.



	
Sample J 3L Fe: The surface was also very fine, with a smooth structure. Cracks were larger but without flaking.



	
Sample J 5L Fe: The cracks of this multi-layer system were larger, without flaking.



	
Sample J S 3L Fe: The cracks were extensive. No flaking was observed, but the space of the cracks was large and seemed unstable. More cracks were situated in the places with a thicker coating (after the brush application).



	
Sample J S 5L Fe: The surface was rough. The cracks were extensive and homogeneously distributed over the surface, not only in places with a thicker coating.








Here, in Figure 10, cracks were observed in all of the measured samples. Their intensity increased gradually with the increasing number of layers. No porosity or granular structure of the coating was visible. The surfaces for all samples are very similar to the surfaces on the aluminum substrate.
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Figure 11. EDS mapping analysis of the surface of J geopolymer suspensions on the steel substrate. 
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EDS analysis seen on Figure 11 showed a homogeneous distribution of all elements. Homogeneity was the most pronounced of all the samples examined. No representation of elements was visible in the area of the cracks. The sample J S 3L Fe showed that, through the cracks, the steel substrate was visible and was in contact with atmospheric conditions. These coatings cannot provide full chemical protection of the substrate. This sample was chosen to present this phenomenon. The beam intensity of the SEM microscope could not penetrate the entire coating [37].





3.2. Analysis of the Adhesion of the Geopolymer Layer by the Grid Test


The achieved results of the grid test are shown in Figure 12, and the evaluation of the results is shown in Table 2. Table 2 shows the evaluated results of the grid test of various GP on Al and Fe substrates. GP I and J on the Al substrate achieved a rating of one, but only GP I S 5L had a rating of two, most likely due to too large of a layer of the GP suspension in combination with the method of application and curing. GP I on the Fe substrate achieved a worse rating of three, due to the presence of a natural oxide layer on the surface of the substrate and its peeling, together with the coating. GP J on the Al substrate achieved a rating of one for all samples and layers. GP J on the Fe substrate showed a better value of the grid test, with a rating of one for J 5L and a rating of two for J S 3L. The other GP J had a rating of three.



The results of the GP I 1L Al and GP J 1L Al + Fe coatings corresponded with our previous research [23,24], but GP I 1L Fe had worse ratings than those in previous research. Due to the fact that no pre-treatment of the surface before the application of GP suspensions took place on the substrates (except for surface degreasing), there are natural oxides on both types of substrates. As can be seen from the grid test, the natural Al2O3 oxide layer on the Al substrate does not have a negative effect on the adhesion of the GP coatings to the surface. The Fe substrate is also covered with a natural oxide layer that is thicker than that on the Al substrate. According to the XRD analysis, it was found that Fe3O4, Fe2O3 and FeO oxides are found on the surface of the Fe substrate. The lower adhesion of GP coatings on the steel substrate is apparently caused by this oxide layer, which does not have high adhesion to the substrate itself (the steel layer located below this layer) and thus peels off from the surface together with the GP coating.




3.3. Analysis of the Thickness of the Geopolymer Layer


A comparison of the measured values of the thicknesses of all layers for GP I on the aluminum and steel substrates can be seen in Figure 13. Single-layer coatings reach almost the same thickness for both types of substrates (11% difference). The resulting thickness of I 1L Al is approximately 2.7 times higher than the thickness achieved in previous research [23]. All samples on both types of substrates show an almost linear increase in the layer thickness with an increasing number of layers. It can be seen from the graph that overall thicker layers were achieved on the aluminum substrate than on the steel substrate (about 20%–30%). What is interesting is the comparison of the multi-layer sample I 3L with I S 5L and that of I 5L with I S 5L, where a clear trend can be observed, where the samples cured after each layer reach an overall lower thickness than the samples cured after the last-applied layer.



The thicknesses of the GP J layers on both types of substrates are shown in Figure 14. As we can see, the J 1L Al single-layer sample reaches a thickness of 3.4 μm, which, as in the rare case of GP I, is an increase in thickness compared to previous research [23] by 2.3 times. Sample J 1L Fe has a greater thickness for this geopolymer, almost twice that of the aluminum substrate. All the layers on the Fe substrate reach greater thicknesses by about 70%–110% compared to the Al substrate, which is the opposite trend to that of GP I. The comparison of the multi-layer sample J 3L with J S 3L and that of J 5L with J S 5L again confirm the previous trend, where the samples cured after each layer reach a lower thickness than the samples cured after the last layer (except for J 3L and J S 3L on the Al substrate, where the thickness is almost identical).





4. Conclusions


The basis of this research was the creation of geopolymer coatings on aluminum and construction steel substrates, which were applied to the surface using a brush. A thicker layer of the suspension was already created on the substrates during the application itself, which was supposed to verify the properties and surface of the thicker layers created in this way, which follows previous research that, on the contrary, was focused on creating very thin layers [23,24]. Two types of geopolymer suspensions, I and J, were selected from the previous research. Furthermore, GP suspensions were applied in multiple layers, three and five, and two different methods of curing were used (see Section 2.2).



The formed coatings showed a certain porosity, and, above all, they are prone to the formation of cracks. These cracks are created naturally during curing by the emission of water from the volume and the different thermal expansion of the geopolymeric suspension and the underlying substrate. Cracks generally increased with the increasing number of layers. However, in most cases, the cracks did not appear to affect the cohesion of the coating or the adhesion of the coatings to the substrate surface. Thus, the porosity, rough surface and cracks do not have to reduce the resulting properties or the use of the coating, and in some cases, they can be beneficial. A rough or cracked surface can show better adhesion, e.g., when using glue in glued joints, when a larger surface is needed for the good adhesion of the joint [37]. A rough surface can help improve part handling and increase safety [38]. A jagged, rough or cracked surface change the optical properties of the surface so that, for example, there are no reflections of light from the surface [39]. Self-lubricating systems appear to be a very suitable application for this type of surface, where the surface of the part is provided with this coating, which contains many cracks and capillaries into which the lubricant is applied, and then gets between the functional surfaces and thus affects the tribological properties, e.g., by reducing friction, which leads to an increase in the life of the component and a reduction in the need for maintenance [40,41,42].



The application of suspensions with a brush is economical, but according to microscopic analysis, it is evident that it introduces a certain inhomogeneity into the coating, whether it is the fluctuating thickness of the layer, which then causes cracking, or the inhomogeneity in the distribution of Al, Si and P elements in the coating.



The grid test confirmed the very high adhesion of GP coatings on the aluminum substrate, independent of the thickness, the number of layers and the method of curing. On the steel substrate, the adhesion of the coatings was lower and partly dependent on the above-mentioned variables.



Observing the thickness of the layer on the underlying substrate is an important aspect. Thicker layers protect the underlying substrate better against corrosion and mechanical wear. As can be seen from the electron microscopy images, cracks on the surface increased in size with the increasing number of layers. Cracks of the underlying substrate are undesirable in the case of the application of GP anti-corrosion suspensions, as they reduce corrosion resistance (the corrosive environment with cracks can reach the underlying substrate). Large cracks are undesirable because they lead to the peeling of the GP layer from the underlying substrate, which was observed in some cases.



Finding a balance between the layer thickness and cracks is essential for future applications.



By applying a thicker layer of the GP suspension when applied with a brush, a final, thicker layer could be created, which, according to analyses, had no negative effect on the quality of the resulting surface. By applying additional layers, thicker layers could be created, which could affect other properties (mechanical, chemical) of the resulting surface. The joint thickness is further influenced by both the composition of the geopolymer suspension and the method of the application and curing of single layers in multi-layer samples.



To increase the homogeneity of the distribution of individual elements in the resulting layers and further improve the quality of the surface, in terms of, e.g., reducing the roughness or reducing the heterogeneity of the layer thickness in different places of the surface, which is caused by an application with a brush, and, thus, to reduce the formation, number and size of cracks and fissures, which are apparently caused by too thick of an applied suspension (again, in certain places), it would be necessary to change the method of application of the suspension. As a suitable solution to these inhomogeneities during the application, the suspension could be applied by spraying (air brush) or possibly even by means of a roller. These application methods (mainly the air brush) are more complicated and complex. Other forms of applications, e.g., dipping, are not suitable due to the need to maintain a very small thickness of the applied suspension. Moreover, the search for another application method contradicts the basic assumption of cheap and simple painting.



This research shows that it is possible to create multi-layer geopolymer coatings that achieve a good surface quality and adhesion on various underlying substrates while maintaining a relatively small thickness. This can be advantageous, for example, for functional components, where after the application of several layers of GP suspensions, there will be no large dimensional change, and the possible functionality is thus not affected. To further increase the quality of the surface, it would be advisable, for example, to change the method of application of the suspension in order to achieve a more even coverage of the surface of the substrate, which will ultimately affect the homogeneity of the resulting layers. The lower adhesion of the layers on the steel substrate could probably be solved by a suitable mechanical (or even chemical) pre-treatment of the surface, when the surface oxide layer is removed. Adhesion is excellent with the aluminum substrate, and the oxide layer does not seem to negatively affect adhesion. Furthermore, it is possible to focus on the final temperature when curing the layers. In this research, it was applied at a curing temperature of 170 °C, but it is possible to change this temperature further, which can affect the resulting mechanical properties of the applied layers. Lowering the resulting temperature and shortening the holding time will have a positive effect on production costs, but at the same time, the temperature must not be too low in order for the applied layers to properly geopolymerize. On the contrary, a higher temperature can further positively affect the mechanical properties of the layers, e.g., by increasing the surface hardness (mainly in the case of GP suspensions with Al2O3 content). Continuing that research and the previous research [23,24], the focus may be on the analysis of the mechanical properties of multilayer coatings, such as the microhardness of the surface of the layers or the tribological properties [40,42] (possibly the corrosion resistance of the coatings [43]).







Author Contributions


Conceptualization, M.J. and F.M.; Data curation, M.J. and J.N.; Formal analysis, F.M., J.M. and A.M.; Funding acquisition, M.J. and J.N.; Investigation, M.J., F.M. and J.M.; Methodology, M.J., F.M. and J.M.; Project administration, M.J. and F.M.; Resources, M.J., F.M. and J.M.; Supervision, J.N.; Validation, M.J. and J.N.; Visualization, M.J., F.M. and J.M.; Writing—original draft, M.J., F.M. and J.M.; Writing—review and editing, M.J., F.M., J.M. and A.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by NANOTECH ITI II. No. CZ.02.1.01/0.0/0.0/18_069/0010045 and the internal UJEP Grant Agency (UJEP-SGS-2022-48-002-2).




Data Availability Statement


Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Matsimbe, J.; Dinka, M.; Olukanni, D.; Musonda, I. Geopolymer: A systematic review of methodologies. Materials 2022, 15, 6852. [Google Scholar] [CrossRef] [PubMed]

	



Rong, X.; Wang, Z.; Xing, X.; Zhao, L. Review on the Adhesion of Geopolymer Coatings. ACS Omega 2021, 8, 5108–5112. [Google Scholar] [CrossRef] [PubMed]

	



Singh, N.B.; Middendorf, B. Geopolymers as an alternative to Portland cement: An overview. Constr. Build. Mater. 2020, 237, 117455. [Google Scholar] [CrossRef]

	



Amritphale, S.S.; Bhardwaj, P.; Gupta, R. Advanced Geopolymerization Technology. In Geopolymers and Other Geosynthetics; IntechOpen: London, UK, 2020. [Google Scholar]

	



He, R.; Dai, N.; Wang, Z. Thermal and Mechanical Properties of Geopplymers Exposed to High Temperature: A Literature Review. Adv. Civ. Eng. 2020, 2020, 1–17. [Google Scholar]

	



Duxson, P.; Mallicoat, S.W.; Lukey, G.C.; Kriven, W.M.; Deventer, J.S.J.V. The effect of alkali and Si/Al ratio on the development of mechanical properties of me-takaolin-based geopolymers. Colloids Surf. A Physicochem. Eng. Asp. 2007, 292, 8–20. [Google Scholar] [CrossRef]

	



Duxson, P.; Lukey, G.C.; van Deventer, J.S.J. Thermal evolution of metakaolin geopolymers: Part 1—Physical evolution. J. Non-Cryst. Solids 2006, 352, 2186–2200. [Google Scholar] [CrossRef]

	



Ramasamy, S.; Abdullah, M.M.B.; Kamarudin, H.; Yue, H.; Jin, W. Improvement of Kaolin Based Geopolymer Coated Wood Substrates for Use in NaOH Molarity. Mater. Sci. Forum 2019, 967, 241–249. [Google Scholar]

	



Temuujin, J.; Minjigmaa, A.; Rickard, W.; Lee, M.; Williams, I.; Riessen, A. Fly ash based geopolymer thin coatings on metal substrates and its thermal evaluation. J. Hazard. Mater. 2010, 180, 748–752. [Google Scholar] [CrossRef]

	



Vickers, L.; Riessen, A.; Rickard, W.D.A. Fire-Resistant Geopolymers: Role of Fibres and Fillers to Enhance Thermal Properties; Briefs in Materials; Springer: New York, NY, USA, 2015; ISBN 978-981-287-310-1. [Google Scholar]

	



Zhang, Y.; Li, Z.; Sun, W.; Li, W. Setting and Hardening of Geopolymeric Cement Pastes In-corporated with Fly Ash. ACI Mater. J. 2009, 106, 405–412. [Google Scholar]

	



Duxson, P.; Fernández-Jiménez, A.; Provis, J.; Lukey, G.C.; Palomo, A.; Deventer, J.S.J.V. Geopolymer Technology: The Current State of the Art. J. Mater. Sci. 2007, 42, 2917–2933. [Google Scholar] [CrossRef]

	



Nergis, D.B.; Vizureanu, P.; Ardelean, I.; Sandu, A.; Corbu, O.; Matei, E. Revealing the Influence of Microparticles on Geopolymers’ Synthesis and Porosity. Materials 2020, 13, 3211. [Google Scholar] [CrossRef]

	



Shuai, Q.; Xu, Z.; Yao, Z.; Chen, X.; Jiang, Z.; Peng, X.; An, R.; Li, Y.; Jiang, X.; Li, H. Fire resistance of phosphoric acid-based geopolymer foams fabricated from metakaolin and hydrogen peroxide. Mater. Lett. 2019, 263, 127228. [Google Scholar] [CrossRef]

	



Kouamo, H.T.; Rüscher, C.H. Mechanical and microstructural properties of metakaolin-based geopolymer cements from sodium waterglass and phosphoric acid solution as hardeners: A comparative study. Appl. Clay Sci. 2017, 140, 81–87. [Google Scholar]

	



Celerier, H.; Jouin, J.; Gharzouni, A.; Mathivet, V.; Sobrados, I.; Tessier-Doyen, N.; Rossignol, S. Relation between working properties and structural properties from 27Al, 29Si and 31P NMR and XRD of acid-based geopolymers from 25 to 1000 °C. Mater. Chem. Phys. 2019, 228, 293–302. [Google Scholar] [CrossRef]

	



Wang, H.; Li, H.; Yan, F. Synthesis and tribological behavior of etakaolinite-based geopolymer composites. Mater. Lett. 2005, 59, 3976–3981. [Google Scholar] [CrossRef]

	



Troconis, B.C.R.; Frankel, G.S. Effect of Roughness and Surface Topography on Adhesion of PVB to AA2024-T3 using the Blister Test. Surf. Coat. Technol. 2013, 236, 531–539. [Google Scholar] [CrossRef]

	



Hogmark, S.; Hedenqvist, P.; Jacobson, S. Tribological properties of thin hard coatings—Demands and evaluation. Surf. Coat. Technol. 1997, 90, 247–257. [Google Scholar] [CrossRef]

	



Jadon, V.K.; Kumar, S. Effect of substrate surface conditions on tribological behaviour of machine element coating. Aust. J. Mech. Eng. 2020, 20, 1000–1007. [Google Scholar]

	



Hogmark, S.; Jacobson, S.; Larsson, M. Design and evaluation of tribological coatings. Wear 2000, 246, 20–33. [Google Scholar] [CrossRef]

	



Mao, Y.; Biasetto, L.; Colombo, P. Metakaolin-based geopolymer coatings on metals by airbrush spray deposition. J. Coat. Technol. Res. 2020, 17, 991–1002. [Google Scholar] [CrossRef]

	



Novotny, J.; Jaskevic, M.; Mamon, F.; Mares, J.; Houska, P. Manufacture and Characterization of Geopolymer Coatings Deposited from Suspensions on Aluminium Substrates. Coatings 2022, 12, 1695. [Google Scholar] [CrossRef]

	



Mares, J.; Mamon, F.; Jaskevic, M.; Novotny, J. Adhesion of Various Geopolymers Coatings on Metal Substrates. Manuf. Technol. 2023, 23, 81–87. [Google Scholar] [CrossRef]

	



AW, E.N. 6060; AlMgSi. AlMgSi. Vydavatelství Úřadu pro Normalizaci a Měření: Prague, Czech Republic, 1978.

	



ALLOY DATA SHEET EN-AW 6060. Available online: N.A.2019/07/NEDAL_Datasheet-6060.pdf (accessed on 25 October 2022).

	



Kanaboyana, N.; Hanchate, S.R.; Ghorpade, V.G. Durability properties of geopolymer concrete produced with recycled coarse aggregates and quarry stone dust. Nat. Volatiles Essent 2021, 8, 10450–10459. [Google Scholar]

	



Ruzaidi, C.; Al Bakri, A.; Binhusain, M.; Salwa, M.; Alida, A.; Faheem, M.; Azlin, S. Study on Properties and Morphology of Kaolin Based Geopolymer Coating on Clay Substrates. Key Eng. Mater. 2013, 594, 540–545. [Google Scholar] [CrossRef]

	



Zainal, F.; Fazill, M.; Hussin, K.; Rahmat, A.M.; Al Bakri, A.; Wazien, W. Effect of Geopolymer Coating on Mild. Solid State Phenom. 2018, 273, 175–180. [Google Scholar] [CrossRef]

	



Zhang, X.; Yao, A.; Chen, L. A Review on the Immobilization of Heavy Metals with Geopolymers. Adv. Mater. Res. 2013, 634, 173–177. [Google Scholar] [CrossRef]

	



Lingyu, T.; Dongpo, H.; Jianing, Z.; Hongguang, W. Durability of geopolymers and geopolymers concretes: A review. Rev. Adv. Mater. Sci. 2021, 60, 1–14. [Google Scholar] [CrossRef]

	



Bhardwaj, P.; Gupta, R.; Deshmukh, K.; Mishra, D. Optimization studies and characterization of advanced geopolymer coatings for the fabrication of mild steel substrate by spin coating technique. Indian J. Chem. Technol. 2021, 28, 59–67. [Google Scholar]

	



Jiang, C.; Wang, A.; Bao, X.; Chen, Z.; Ni, T.; Wang, Z. Protective Geopolymer Coatings Containing Multi-Componential Precursors: Preparation and Basic Properties Characterization. Materials 2020, 13, 3448. [Google Scholar] [CrossRef]

	



Zhu, C.; Guo, Y.; Wen, Z.; Zhou, Y.; Zhang, L.; Wang, Z.; Fang, Y.; Long, W. Hydrophobic Modification of a Slag-based Geopolymer Coating. IOP Conf. Ser. Earth Environ. Sci. 2021, 783, 012015. [Google Scholar] [CrossRef]

	



Gupta, R.; Tomar, A.S.; Mishra, D.; Sanghi, S.K. Multifaceted geopolymer coating: Material development, characterization and study of long term anti-corrosive properties. Microporous Mesoporous Mater. 2021, 317, 110995. [Google Scholar] [CrossRef]

	



ISO 2409:2020(en); Paints and Varnishes-Pull of Test for Adhesion. ISO: Geneva, Switzerland, 2020.

	



Rieutord, F.; Moriceau, H.; Beneyton, R.; Capello, L.; Morales, C.; Charvet, A.-M. Rough Surface Adhesion Mechanisms for Wafer Bonding. Electrochem. Soc. 2006, 3, 205. [Google Scholar]

	



Beketov, A.; Khalimova, S. Impact of Roughness and Friction Properties of Road Surface of Urban Streets on the Traffic Safety. Commun. Sci. Lett. Univ. Zilina 2023, 25, 51–63. [Google Scholar] [CrossRef]

	



Kohli, J.T.; Nguyen, K.; Zhang, L. Anti-Glare Surface and Method of Making. US8992786B2,09.04.2015.

	



Kumar, A.; Kumar, M.; Tailor, S. Self-lubricating composite coatings: A review of deposition techniques and material advancement. Mater. Today Proc. 2023, 11, 302. [Google Scholar] [CrossRef]

	



Zhang, G.; Cai, W.; Wei, X.; Yin, Y. Percolation and Supply Behavior of Lubricant on Porous Self-Lubricating Material. Adv. Eng. Mater. 2023, 25, 12. [Google Scholar] [CrossRef]

	



Wang, X.L.; Yang, L.Y.; Wang, S. Research and Development of Self-Lubricating Bearing Materials. Adv. Mater. Res. 2013, 651, 198–203. [Google Scholar] [CrossRef]

	



Omer, L.; Gomaa, M.; Sufe, W.H.; Elsayed, A.A.; Elghazaly, H.A. Enhancing corrosion resistance of RC pipes using geopolymer mixes when subjected to aggressive environment. J. Eng. Appl. Sci. 2022, 69, 3. [Google Scholar] [CrossRef]








[image: Coatings 13 01731 g001] 





Figure 1. Surface detail of the EN-AW 6060 (Al) [23] and 1.0038 (Fe) underlying substrate with visible directional anisotropy and roughness measurement in the direction of rolling A and the perpendicular direction of rolling B. 
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Figure 2. Scheme of the preparation of each GP coating. 
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Figure 4. SEM and CLSM analysis of the surface of I geopolymer suspensions on the aluminum substrate. 
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Figure 6. SEM and CLSM analysis of the surface of I geopolymer suspensions on the steel substrate. 
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Figure 8. SEM and CLSM analysis of the surface of J geopolymer suspensions on the aluminum substrate. 
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Figure 10. SEM and CLSM analysis of the surface of J geopolymer suspensions on the steel substrate. 
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Figure 12. Grid test of GP coatings on the Al and Fe substrates. 
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Figure 13. Comparison of the increase in the thickness of the resulting layer depending on the number of layers for suspension I. 
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Figure 14. Comparison of the increase in the thickness of the resulting layer depending on the number of layers for suspension J. 
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Table 1. Surface roughness of the underlying substrate EN-AW 6060 and 1.0038.
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Substrate

	
Al

	
Fe




	

	
Measurement Direction

	
Measurement Direction




	

	
A

	
B

	
A

	
B






	
Ra [μm]

	
0.206

	
0.841

	
1.091

	
0.874




	
Rz [μm]

	
1.117

	
5.410

	
6.225

	
5.098




	
Rmax [μm]

	
1.488

	
6.710

	
6.850

	
6.613




	
Rt [μm]

	
1.603

	
6.958

	
8.448

	
7.538








Ra—arithmetic mean roughness; Rz—ten-point mean roughness; Rmax—maximum roughness depth; Rt—maximum height of the profile.













 





Table 2. Grid test rates of GP coatings on the Al and Fe substrates.
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	Substrate
	I 1L
	I 3L
	I 5L
	I S 5L
	I S 5L
	J 1L
	J 3L
	J 5L
	J S 3L
	J S 5L





	Al
	1
	1
	1
	1
	2
	1
	1
	1
	1
	1



	Fe
	3
	3
	3
	3
	3
	3
	3
	1
	2
	3
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