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Abstract:



The use of ceramic nanoparticles in coatings can significantly improve their mechanical properties such as hardness, adhesion to substrate, and scratch and abrasion resistance. A successful enhancement of these properties depends strongly on the coating formulation used, and the subsequent structure formed during coating. The aim of the present work was to enhance the adhesion between nanoparticulate coatings and stainless-steel substrates. A covalent particle structure was formed and better mechanical properties were achieved by modifying alumina nanoparticles, as well as substrates, with 3-aminopropyltriethoxysilane and by using a formulation consisting of solvent, modified particles, and bisphenol-A-diglycidylether as cross-linking additive. In addition to the adhesion force needed to remove the coating from the substrate, the type of failure (adhesive or cohesive) was characterized to gain a deeper understanding of the structure formation and to identify interdependencies between process, formulation, and coating structure properties. The modification process and the formulation composition were varied to achieve a detailed conception of the relevant correlations. By relating the results to other structural properties, such as the theoretical porosity and thickness, it was possible to understand the formation of the coating structure in more detail.
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1. Basics and State of the Art


Nanoparticulate coatings are commonly employed to mechanically enhance the surface properties of a variety of materials as well as to achieve self-cleaning effects [1,2,3]. The properties of such coatings do not only depend on the materials of the coating, but are also strongly influenced by the respective structural characteristics. The final coating structure and, thus, the final coating properties, are defined by a variety of parameters for every single process step. For this reason, our group has already focused in recent works on the investigation of the effect of process and formulation parameters along the whole process chain on the properties of nanoparticle-based coatings [4,5,6,7,8]. Based on these previous works, the aim of the present study was to achieve better mechanical properties, especially concerning the adhesion of thin nanoparticulate coatings to the substrate using a combination of modified particles and modified substrates, as it is schematically displayed in Figure 1a. The modification of the particles was performed in a similar fashion as in [9], while the modification of the substrates was done by a simple dip-coating process in solutions of the modification agent 3-aminopropyltriethoxysilane (APTES), which is referred to as the ligand throughout this study. In general, other research groups have shown how to bond various materials to a solid substrate [10,11,12,13,14]. However, the aim of most works was to achieve monolayers and the procedure to prepare the substrates seems to be time intensive. Therefore, our goal was to improve the coating adhesion technique using this easy-to-implement procedure. The amino groups of the ligand react with the epoxy groups of the additive (bisphenol-A-diglycidylether) at higher temperatures. The use of this formulation strategy has already shown the potential to increase the hardness and scratch resistance of nanoparticulate alumina coatings by cross-linking primary particles and aggregates [8]. Additionally, as it is displayed in Figure 1b, the amount of abrasion used as a reference value for abrasion resistance, as well as the adhesion between the coatings and unmodified substrates, could be enhanced. Different methods are described in the literature [15,16,17] to characterize the adhesion of a film onto a substrate. In this study, we decided to measure the adhesion force FA—which is the force needed to remove the coating from the substrate by means of a stamp—following a well-established procedure (according to the pull-off test for adhesion ISO 4624:2003 [18]).


Figure 1. Cross-linking between particles as well as between particle and modified substrate (a); amount of abrasion and adhesion force of coatings with and without cross-linking (b); kind of failure during adhesion measurement (c).
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Complementary to previous research, the particles used in the present study can cross-link to each other and can also be attached to the substrate by the modification shown in Figure 1a. Dependencies between the used formulation, the particulate structure, and the coating properties were investigated in detail in order to identify important relationships. Additionally, the kind of failure was also distinguished. As it is schematically shown in Figure 1c, the failure mechanisms can be classified into cohesive and adhesive failures. On the one hand, cohesive failure occurs within the coating and is therefore related to the inner strength of the coating. On the other hand, adhesive failure takes place at the interface between the coating and the substrate and is thus associated to the strength of the bonds formed between both materials. In fact, cohesive failure can take place in the case that the coordination number between the particles is small or the bond forces within the particulate structure are weak. With the help of these investigations, we were able to acquire a deeper understanding about the structure formation and how the substrate modification process and the formulation parameters influence the coating properties.




2. Materials and Methods


As it is shown in Figure 2, the process chain consists of four steps, and their experimental setups are explained in the following sections.


Figure 2. Process chain to produce covalently linked particle coatings on modified substrates.
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2.1. Step 1: Modifying the Substrates


The dip-coating process (Coater Model idLab) was used to modify the substrates. Polished stainless-steel substrates were coated with an APTES–ethanol solution, with an APTES-content of 10 wt %. The ethanol was technical grade, APTES was purchased from the company Sigma Aldrich (St. Louis, MO, USA, assay 98%), and liquids were mixed at room temperature. Various process speeds (50, 100, 200, 300, and 500 mm/min) were used to achieve different wet film thicknesses, thus various amounts of APTES were used on the substrates. As it is well known, according to Landau and Levich [19], the wet film thickness increases with higher coating speed. The substrates were dried at 120 °C for 2 h and then used in the subsequent coating step (Step 3). The amount of APTES was determined by measuring the amount of silicon using energy dispersive X-ray spectroscopy (QX 400, Bruker, Billerica, MA, USA). For this study, the amount of silicon was related to the silicon content that was detected on the stainless-steel substrates without undergoing any modification (0.89 at % Si). The determined contents for the different samples are shown in Table 1. It can be observed that the values for the coating speeds of 50 and 100 mm/min are very similar. A reason for this fact could be that the film was not very homogenous at these low speeds.


Table 1. Measured amounts of silicon on the substrates by varying the process speed in the modification step.





	Coating Speed v (mm/min)
	Amount of Silicon (at %)





	50
	1.17



	100
	1.23



	200
	1.46



	300
	2.26



	500
	2.71










2.2. Step 2: Particle Dispersing and Modification


In principle, the materials and methods used within this work are similar to the study shown in [8], but additional methods were introduced regarding the measurement of adhesion force and the characterization of cohesive and adhesive failure.



As the nanoparticle material, we used alumina nanoparticles (Evonik, Essen, Germany) with a primary particle size of 13 nm according to the data sheet. To achieve smaller aggregate sizes, the nanoparticles were suspended in technical ethanol with a solid content of 10 wt %, stabilized with nitric acid and dispersed for 4–5 h under 250 rpm using a planetary ball mill (Retsch, Haan, Germany) with a filling ratio of 30% (zirconia beads, dGM = 300 µm). The modification step with APTES (Sigma Aldrich) follows the dispersing step and was carried out overnight, as it is described in [8,9]. The particle sizes were determined using dynamic light scattering (Nanophox, Sympatec, Clausthal-Zellerfeld, Germany) and the amount of APTES bound to the particle surface was examined by thermogravimetric analysis (Mettler Toledo TGA/DSC, Greifensee, Switzerland, under oxygen flow in the range of 25–700 °C). At the end of this first process step, the particles were finely dispersed (x50.3 ≈ 150 nm) in ethanol with amino groups on their surface. To ensure enough suspension for both series of experiments (substrates with different amount of ligand (Section 3) and variation of cross-linking additive concentration (Section 4)), this process step was carried out twice, one batch corresponding to one series.




2.3. Step 3: Producing the Formulations and Coatings


In order to achieve a cross-linking of the particles within the coatings, an additive had to be added to the dispersed and modified particles (see Step 2). Different concentrations of the additive bisphenol-A-diglycidylether were dissolved in ethanol and then added to the prepared suspension of particles to achieve various ratios of epoxy to amino groups in the coating formulations. The substrates with and without modification were coated with these nanoparticulate formulations (cm,particles = 0.1) via dip coating (Coater Model idLab) and with a constant coating speed of 500 mm/min. A commonly known interference measurement setup was used to characterize the wet film thickness for selected samples, similar to the setup described by Schmidt-Hansberg et al. [20]. Most of the solvent evaporates during the first minutes directly after the coating step. High temperatures are required to finally cross-link the particles to each other. For this reason, the coated substrates were tempered afterwards at 120 °C for 2 h.




2.4. Step 4: Characterizing Coating Properties


Several methods were used to characterize the coating structure as well as the structure properties. To determine the thickness of the nanoparticulate film, the coatings were scratched with an instrument made of brass and an applied force of about 1.9 N. In that way, the coating was partially removed but the substrate was not damaged, which was proved in preliminary works by EDX measurements. The resulting height difference was measured by a profilometer (Dektak, Bruker) using a diamond tip with a radius of 5 µm. Due to its small value, it was impossible to measure the thickness of the dried APTES-film. The determined mechanical properties of the coating structure are the adhesion force between substrate and coating and the hardness. The latter was examined via nanoindentation (TI900, Hysitron, Inc., Eden Prairie, MN, USA) using a Berkovich tip and measuring the maximal force by displacement-controlled measurements (hdispl. = 150 nm). For statistic reasons, the measurement was repeated 40 times per sample to approach a constant value for the standard deviation of the measurement, as it was already established in other preliminary works [4,21,22]. The mean maximal force was related to the theoretical contact area of the tip to calculate the hardness. The measurement setup to characterize the adhesion force is based on a material testing machine (RetroLine, Zwick, Ulm, Germany) and follows DIN EN ISO 4624 [18]. It consists of a stamp (A = 100 mm²) prepared with a testing tape (double-sided tape, Tesa 4968), which at first is moved from its starting position with v = 0.05 mm/min onto the sample surface. Subsequently, the stamp is held at this position for 60 s with a contact pressure of F = 240 N and then it is displaced back to the starting position with a higher velocity of v = 200 mm/min. The force that is needed to tear off the coating is measured with the help of the software testXpert II (Zwick) and corresponds to the value of the so-called adhesion force FA. The measurement was repeated three times per sample and the mean value and standard deviation were calculated. To characterize the kind of failure (cohesive or adhesive failure (see Figure 1c) the remaining amount of alumina was analyzed by detecting the aluminum left on the sample using energy dispersive X-ray spectroscopy (QX 400, Bruker). The abrasion resistance was characterized by stressing the surface with two abrading wheels (CS 10-F, TaberAbraser, Erichsen, Hemer, Germany) for a constant number of cycles, three times per sample. The amount of abrasion was determined gravimetrically and is a measure for the abrasion resistance. The picture of the cross-section was made with a FIB-SEM (focused-ion-beam-scanning-electron microscope, company FEI Deutschland GmbH (now Thermo Fisher Scientific, Waltham, MA, USA), model: Helios G4 CX). For the sample preparation, the coating surface was sputtered with a platinum layer of 15 nm (High Vacuum Coater Leica EM ACE600, Wetzlar, Germany) to be electrically conductive. Before making a vertical cut in the coating by the ion beam, additional platinum was applied locally by a gas injection system with a height of about 1.5 µm to protect the surface. In the first FIB step, a current of 2500 pA was used to remove the coarse material. Afterwards, the generated cut was polished in several steps. The last polishing step was done with a current of 40 pA.





3. Results


3.1. Effect of Substrates with Different Amount of Modification Ligand


In order to investigate the process strategy for the substrate modification, the substrates were modified with the same APTES–ethanol solution but processed with various coating speeds to achieve different wet film thicknesses and thus various ligand concentrations on the substrate surfaces. Figure 3 shows an exemplary cross-section of a coating with modified nanoparticles and cross-linking additive on a stainless-steel substrate, which was modified with the maximum coating speed (v = 500 mm/min). The picture, obtained with a FIB-SEM, clearly presents each layer. In light of this image, it is clear why it is not possible to determine the thickness even for the maximum content of APTES.


Figure 3. Cross-section of a coating on modified stainless-steel substrate.
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In order to compare the use and non-use of cross-linking additive and to investigate the influence of the substrate modification on the coating properties, both kinds of formulations were prepared for the following coating step. The amount of ligand on the particle surface was 5.7 wt % and the ratio of Nepoxy/Namino (number of epoxy groups of additive related to number of amino groups on the particle surface of ligand) in the used formulation was set constant to 1.5. The results in Figure 4 show the measured adhesion forces FA as well as the remaining aluminium content (Al at %) as a value for the amount of alumina particles after tearing off the coatings for the experiments without using a cross-linking additive. Figure 4a shows that coatings without cross-linking have nearly the same adhesion force, especially if the moderate values of standard deviations are considered. However, it can be stated that the calculated mean adhesion force slightly decreases with increasing amounts of ligand on the substrates.


Figure 4. Coatings without cross-linking additive: measured adhesion forces and remaining aluminium on the substrate (a); dry film thickness and theoretical porosity (b).
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Furthermore, it can be observed that there is always remaining aluminum on the substrate after tearing off the coatings, which indicates a cohesive failure. However, it is directly perceived that the cohesive failure decreases by using substrates with increasing silicon amount.



A dominant tendency towards cohesive failure occurs if the coatings are thicker and have higher porosities and, thus, lower values of the particle coordination number without any change in particle interaction. Because of different substrate surface effects caused by the modification process, the wet film thickness cannot be calculated by the model of Landau and Levich [19]. For this reason, we measured the wet film thickness and related the determined values to the measured dry film thickness to calculate the theoretical porosity (described in [5]). Figure 4b shows that both dry film thickness and porosity are reduced for higher ligand amounts on the substrate. A closer packing of the coating structure with a higher coordination number between the particles (kpp >> 1) induces greater strength at larger bond forces within the structure. The coordination number to the substrate is kps = 1 and, therefore, the number of bonds to the substrate is smaller than the number of bonds within the coating, which enhances adhesion failure. Consequently, this kind of structure, combined with a low coating thickness, can result in smaller adhesion forces and a higher tendency towards adhesive failure, because it is easier to remove the film completely.



Nevertheless, the results after adding the cross-linking additive to the nanoparticulate formulations (hence, forming a structure involving covalent binding) do not reveal this trend, as it is displayed in Figure 5. Despite a higher standard deviation, it is clearly visible that the adhesion forces increase with higher amounts of modification ligand on the substrate. Additionally, the remaining amount of aluminium is nearly negligible, meaning that an adhesive failure takes place, with the exception of the coating on the unmodified substrate. In contrast to the conclusions made for the coatings without cross-linking, Figure 5b shows that both the dry film thickness and the theoretical porosity do not show a clear trend and thus are not significantly influenced by the surface modification for cross-linked coatings. In this case, the force required to remove the coating from the substrate is higher, even though the coatings are thicker on modified substrates with higher amount of ligand, in contrast to what has been stated before. Moreover, the higher porosity should not lead to higher adhesion forces and adhesive failures, as was found when using the cross-linking additive, because a high porosity is related to a lower coordination number within the coating and not at the interface to the substrate.


Figure 5. Coating with cross-linking additive: measured adhesion forces and remaining aluminium on substrate (a); dry film thickness and theoretical porosity (b).
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The reason for reaching higher adhesion forces is the modified and cross-linked particle structure, which translates into a much better binding degree to the substrate. Moreover, it must be remarked that, apart from the fact that the pull-off force is greater, the whole covalently bound particle structure is removed completely from the substrate because of the chemically cross-linked particle network formation. This appears to be obvious, since the coordination number of the particles to the substrate is equal to 1 (kps = 1) and the coordination number between particles is higher (kpp >> 1). Furthermore, in the literature it has already been stated that during the drying process, small binder molecules can undergo segregation, resulting in an enrichment at the surface of the coatings [23], and that this mechanism feature induces lower adhesion to the substrate. Looking at non-cross-linked coatings on substrates without modification (Figure 4a), the adhesion force of the cross-linked coatings is higher in general, but there are also remaining alumina particles on the substrate after stressing the coating on the unmodified substrate, which means that the failure is cohesive. This failure within the structure could be due an analogous effect of an additive (cross-linker) demixing process in the structure, which probably leads to more strongly bound particles only in the upper part of the coating structure (schematically shown in Figure 5b) and results in a more cohesive failure in the lower part of the coating. The modification of the substrates might be effective against such a demixing of additive molecules, and thus the use of APTES-modified substrates could counteract this segregation effect.



In order to conclude these first investigations regarding the influence of the substrate modification process, we determined that using the modified substrates in combination with cross-linked particles induces greater adhesion between the particulate structure and the substrate. In-depth research to understand how the properties of the structure are influenced and how the coating behaves in failure has shown that the non-cross-linked structures are weaker within the film, which induces a cohesive failure. In contrast, using an additive in the coating formulation to cross-link the particles leads to adhesive failure because of stronger bindings and a higher coordination number between the particles compared to that of particles and substrate. The next section shows the results regarding the influence of the amount of cross-linking additive in the coating formulation on the properties described above, using a constant ligand concentration on the substrates.




3.2. Effect of Cross-Linking Additive Concentration


The aim of the second part of this research was to investigate how the adhesion between coating and substrate can be influenced by the formulation composition. Within this framework, formulations with different additive concentrations were used to coat substrates with and without modification. The amount of ligand on the particle surface in this series was about 6.9 wt % and the ratio of epoxy (cross-linking additive) to amino groups (particle surface modification) was varied between 0 and 2.5. Substrates without and with modification (3 at % of silicon, vmod. = 500 mm/min) were used to have detailed insight regarding these influencing parameters.



In general, the coatings on unmodified substrates exhibit cohesive failure, which has also been observed in Section 3, except for the coating with a Nepoxy/Namino ratio of 1.5, which shows a lower amount of remaining aluminum on the substrate. This could be induced by a combination of smaller dry film thickness (about 100 nm less than the other coatings), which means a higher coordination number between the particles, and probably a better cross-linked structure. As a result, this coating needs a lower force to be removed from the substrate.



As expected, using substrates with APTES modification and cross-linking additive in the formulation leads to higher adhesion forces. Using additive ratios Nepoxy/Namino between 0 and 1.5 and modified substrates leads to cohesive failure under the chosen experimental conditions. This cohesive failure is a reasonable result of a less cross-linked particle network within the coating structure. The coordination number between the particles kpp is higher than between particles and substrate kps, but the binding to the substrate is preferred because of a larger contact area (noncovalently bound coating of the modification agent APTES). Additionally, taking into consideration the assumption made previously—that a substrate modification might act against a demixing effect with the additive molecules being classified in the upper coating area—the additive molecules only remain in the part of the coating in close proximity to the substrate when smaller amounts of additive are utilized, which ultimately leads to a cohesive failure (see schematic pictures in Figure 6b). The number of covalent bonds between the particles induced by the cross-linking additive risesusing a Nepoxy/Namino ratio of over 1.5. Under these circumstances, there are enough additive molecules, which are held to the substrate and are able to cross-link the particles within the whole films. The strength within the coating increases and fewer particles remain on the substrate after the testing procedure. For this reason, high additive concentrations in the coating formulations (Nepoxy/Namino = 2–2.5) cause an adhesive failure on the modified substrates, as was expected and observed before. However, the impact of the modification on the adhesion forces becomes minimal at a higher additive concentration of Nepoxy/Namino = 2.5. This could probably arise from the effect of a higher amount of additive acting additionally like glue, with stronger induced interactions between the particles and the substrate. If this supposition is taken into account, a covalently bound particle network within the coating would not necessarily result. As it was shown in [8], the strength within the chemically cross-linked coatings on unmodified substrates reaches a maximum and then decreases at high additive concentrations because of a kind of oversaturated state—which is caused by more bound additive—hence, the cross-linking between two particles is hindered.


Figure 6. Measured adhesion forces (a) and remaining aluminium content (b) of coatings on unmodified and modified substrates.
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This greater need for additive molecules to form a covalently bound particle network within the coating by using modified substrates can also be traced by measuring the hardness. As it has already been described in other studies [8], the hardness provides more information about the cross-linking within the coating. The mentioned additive concentration optimum and oversaturated state can also be shown for the cross-linked coatings on unmodified substrates, as it is displayed in Figure 7a. The use of modified substrates leads to an increased amount of additive required for the binding between the coating and the substrate. As a result, the number of bonds within the coating is reduced, hence the hardness decreases for a given Nepoxy/Namino ratio. The optimum ratio for the greatest hardness is probably shifted to higher additive concentrations, which should be investigated in further studies.


Figure 7. Hardness of coating on unmodified and modified substrates (a); amount of abrasion using unmodified and modified substrates (b).
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Besides the hardness and the adhesion, the abrasion resistance is another important mechanical property used to characterize particulate coatings. Figure 1b has already shown that the use of cross-linking of the particles leads to higher abrasion resistance on unmodified substrates. On account of the outcome presented in Figure 7b, it can be remarked that the additional use of modified substrates can successfully increase the abrasion resistance as well.





4. Conclusions


In the present study, stainless-steel substrates were modified by performing a dip-coating process in order to improve the adhesion between a particulate coating and the substrate by a chemical cross-linking. The mechanical properties are of special importance with regard to a variety of coating applications. Firstly, the influence of the amount of ligand on the substrate was investigated to provide a knowledge foundation. Secondly, the correlation between the amount of cross-linking additive in the coating formulation and the coating properties was established.



The obtained results led to several conclusions. Initially, it could be shown that the adhesion of particulate coatings on stainless-steel substrates can be enhanced by a modification process in combination with modified particles and the use of an additive to cross-link the structure. This substrate modification process was not complex and thus can be of special interest for industrial coating processes. Detailed investigations regarding the kind of failure caused by mechanically stressing the coatings and concerning the physical properties helped to develop a deeper understanding of how the structures are formed. This was achieved by varying the substrate properties and the formulation composition.



Essential relations between the formulation composition and the structure and properties of the coatings with different types of particle cross-linking were clarified by systematically studying the mentioned key parameters (amount of ligand on substrate and additive in formulation). Taking the presented outcomes into consideration, it is verified that a considerable improvement of the mechanical properties of thin coatings is feasible by adjusting the process and formulation parameters. Experiments were carried out to investigate the abrasion resistance for a ratio of Nepoxy/Namino = 1.5. Besides the fact that the adhesion of the coatings was improved significantly, it could also be shown that using the modified substrates had a positive effect on the abrasion resistance. The hardness of the coatings is greater at a ratio of epoxy to amino groups of Nepoxy/Namino = 2 by using unmodified substrates, whereas the use of modified substrates leads to a greater need for additive molecules, which probably changes the optimum additive concentration. This assumption has to be investigated in future work and should be proven by additional testing methods regarding the coating adhesion, such as scratch tests, as have been performed in previous research [8].
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