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Abstract

:

A key element in ensuring the service life and strength of aluminum alloys in many industrial applications is the adhesion of anti-corrosion coatings. The aim of this study is to analyze how coating processes affect the adhesion of anti-corrosion coatings on aluminum alloy 7175. In other words, the influence of the nature of the elementary layers that form the anti-corrosion coating was studied for the following: the anodic layer, the primer, and the topcoat. To learn more about the different coating technologies and how they affect adhesion, a thorough literature review was carried out. In addition, a case study using electrocoating and thermal spraying was conducted to show the impact of coating processes on adhesion. The results showed that electrodeposition, as opposed to thermal spraying, improved the adhesion of anti-corrosion coatings. In the case of the aluminum alloy analyzed, there is a significant difference in terms of the adhesion strength of the anti-corrosion coatings. This resistance is influenced by both the anodic coating (BSA TSA SAA) and the type of primer and topcoat used (water-based or solvent-based). The correct choice of anode coat and primer and topcoat can lead to an increase (or decrease) in the adhesion strength of the paint coat by 20%. In conclusion, this study highlights how crucial it is to select the best coating process to maximize the adhesion and durability of aluminum alloys under corrosion conditions.
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1. Introduction


The aircraft industry requires high-quality coatings to prevent corrosion and extend the endurance of aluminum alloys. Aluminum alloys with high strengths and corrosion resistance, such as Al7175, are commonly used in the aircraft industry. Because these alloys are prone to corrosion in abrasive environments, they must be protected with coatings. Coatings used on aluminum alloys must adhere properly and resist corrosion to provide long-term performance [1,2].



Aluminum alloys are widely used in a wide range of industrial applications due to their light weight, high strength, and corrosion resistance. However, when exposed to corrosive environments, aluminum alloys deteriorate, reducing their service life and efficacy [3,4]. To address this issue, anticorrosion coatings are applied to the surfaces of aluminum alloys.



The adherence of the anti-corrosion coating is a critical factor in ensuring the lifespan and toughness of aluminum alloys in corrosive environments [5,6]. The purpose of this research is to determine how coating processes impact the adhesion of anti-corrosion layers when applied on aluminum alloys.



The aviation industry requires high-quality coatings to avoid corrosion in aluminum alloys. Coatings used on aluminum alloys must adhere effectively and resist corrosion to provide long-term performance. This study’s goal was to see how effectively priming, anodizing, and painting adhered to and protected the Al7175 aluminum alloy against corrosion. Adhesion was measured using crosscut and pull-off tests, while corrosion resistance was measured using salt spray testing. The results showed that, as compared to unprimed specimens, the primer improved the coatings’ adhesion to both aluminum alloys.



This study’s findings provide vital new information on coating selection for aluminum alloys used in the aerospace sector.



Priming, anodizing, and painting were used to test the adhesion and corrosion resistance of the Al7175 aluminum alloy. The coatings’ adhesion was evaluated using crosscut and pull-off tests. The coatings were scored in the crosscut test, and the degree of coating failure along the scored lines was determined. A weight was applied to the coating until it broke in the pull-off test. The corrosion resistance of the coatings was evaluated using a salt spray test. The specimens were exposed to a salt spray environment, and the corrosion resistance was determined based on the degree of corrosion after a specified length of time.



The influence of the nature of the elementary layers that form the anticorrosive layer was studied. The anti-corrosion layer consists of several elementary layers. Each layer has a certain specific chemical composition, respectively, of its own deposition technology:




	
The anodizing layer is made by electrochemical technologies based on the galvanization principle.



	
In the case of the primer layer, deposition is carried out after spraying the solution on the surface of the part on which it is being hardened.



	
The paint is sprayed or applied with a brush.








Among the problems discovered after reviewing the literature is the fact that the standard tests used to examine paint layers do not offer information on their adhesion layer by layer.



Crosscut tests, sticky tape, and other methods are used to analyze paint layers on a global scale. The pull-off test identifies the weakest plane, which might be between the substrate and the primer, in the primer, between the primer and the topcoat, or in the topcoat.



We can intervene and adjust the primer or topcoat to boost the adhesion strength of the topcoats by detecting the weakest plane.



According to information gathered segmentally from firms making parts for the aerospace sector, the pull-off test is not used. We received no response in this regard after conversations with professionals in this sector.



The stated purpose of the research, i.e., to discover the corrosion protection with the maximum resistance according to the anodizing primer and topcoat, demonstrates the originality of this work in this area.



This paper is organized chronologically, beginning with the identified problem (the pull-off test not being used in the aerospace industry), continuing with the documentation on the identified topic, designing the research, manufacturing the specimens, performing the crosscut tests (used currently), respectively, the pull-off adhesion test, and concluding with an analysis of the experimental data and formulation of conclusions. The study’s goal is to enhance the quality of painted 7175 alloy components.




2. Classification of Anodization Types


Anodizing aluminum alloys creates an oxide layer on their surface, increasing their resistance to corrosion and wear. To form an oxide layer on the surface of aluminum, the metal is immersed in an electrolyte solution and exposed to voltage. There are numerous forms of anodization based on the thickness of the oxide layer, the color of the coating, and the processing conditions. This study seeks to provide a thorough assessment of the many kinds of anodization and their qualities, with an emphasis on current advances and developments in the field.



Anodization is a common process for improving the properties of aluminum alloys, such as corrosion and wear resistance. In recent years, there has been a surge in interest in developing innovative anodization methods, such as those capable of producing multicolored coatings and thicker, harder oxide layers.



Anodization types are divided into classes:




	
The most popular kind of anodization, anodizing sulfuric acid (Type II), creates a porous oxide coating with a thickness of 20–25 μm. The coating is distinguished by its superior corrosion resistance, high hardness, and strong adhesion. According to recent research, Type II anodizing’s qualities can be further improved by using different electrolyte compositions and process circumstances [7].



	
Hard anodizing (Form III): This type of anodization creates an oxide layer that is 50–100 μm thick and harder. A high hardness, strong abrasion resistance, and enhanced corrosion resistance define the coating. New process conditions can yield thicker, harder oxide coatings with better adhesion and corrosion resistance thanks to recent improvements in the hard anodizing form [8].



	
Chromic acid anodization (Method I): This type of anodization creates an oxide coating that is 5–10 μm thick and dense. The coating stands out for its reduced hardness, enhanced corrosion resistance, and propensity to stick to adhesives and other coatings. Researchers have recently concentrated on creating novel chromic acid anodization techniques that can provide oxide layers with enhanced adhesion and corrosion resistance [9].



	
An oxide layer of titanium dioxide is created on the surface of titanium alloys via anodizing titanium. The coating is distinguished by its superior adhesion, strong corrosion resistance, and low toxicity. Recent research has demonstrated that the characteristics of anodizing titanium may be further improved by using novel electrolyte compositions and process conditions [10].



	
Colored anodizing: This process of anodization is used to coat aluminum alloys with a colored oxide coating. By adjusting the process variables and incorporating dyes into the electrolyte solution, the color is produced. Aluminum alloys’ external aesthetics are enhanced by colored anodization. New colored anodization techniques have been developed recently that can provide oxide layers with increased color permanence and fade resistance [11,12].








Anodization is a surface treatment method used to improve the corrosion resistance, surface hardness, and adhesion of aluminum alloys. Anodization based on sulfuric acid is very important in the aerospace sector due to its extraordinary ability to provide strong corrosion protection and increase the endurance of aluminum alloys used in aircraft components. The use of sulfuric acid-based anodization in the aerospace sector will be highlighted in this research paper’s assessment of the process’s properties and efficacy.



The electrolyte in sulfuric acid anodizing (SAA), a kind of anodization, is sulfuric acid. When an electric current is applied to the surface of the aluminum alloy while it is submerged in a sulfuric acid solution during the SAA process, a thick and extremely porous oxide layer form. It is feasible to control the thickness and microstructure of this oxide layer by adjusting process factors such as current density, temperature, and voltage.



SAA, according to research, provides better corrosion protection than other anodization techniques [13]. This is because the thick and porous oxide layer formed during the SAA process increases the adhesion of subsequent coatings and acts as an excellent barrier against corrosive substances [11].



Furthermore, the improved adhesion and high surface hardness of the SAA layer have been shown to prolong the lifespan of aluminum alloys in several applications, including aerospace components [12].



Furthermore, by applying a sealing treatment to the surface, SAA-treated aluminum alloys can improve their corrosion resistance [14]. Hot water sealing or chromic acid sealing, for example, can help to cover the porous oxide layer formed during the SAA process and provide greater protection against corrosive substances.



In recent years, anodization based on boric acid has emerged as a feasible option for traditional anodizing sulfuric acid in the aerospace industry.



Boric acid anodizing (BAA) is an anodization method that uses boric acid as electrolyte. During the BAA process, an electric current is used to produce a thick and extremely porous oxide layer on the surface of the aluminum alloy. It is feasible to control the thickness and microstructure of this oxide layer by adjusting process factors such as current density, temperature, and voltage.



According to research, BAA is more corrosion-resistant than traditional anodizing sulfuric acid [15]. This is because a compact, homogeneous oxide layer develops, providing a good resistance against corrosive substances [16].



Furthermore, it has been established that BAA improves the adhesion of subsequent coatings, making it a desirable option for aircraft applications where performance and endurance are critical [17].



Furthermore, the BAA treatment of aluminum alloys has been shown to increase their mechanical properties when compared to standard anodizing sulfuric acid [18]. Because of the improved stickiness and hardness of the BAA layer, aluminum alloys can perform better and endure longer in a range of applications, including aerospace components.



Furthermore, BAA has a lower environmental impact than traditional anodizing sulfuric acid. Boric acid is a more environmentally friendly alternative to sulfuric acid since it is a non-toxic electrolyte of which it is easy to dispose [19].



Aluminum alloys are anodized electrochemically to provide a protective oxide coating on their surface. This layer is ideal for aircraft applications because of its improved adhesion and corrosion resistance.



Tartaric acid is a popular electrolyte used for anodizing aluminum alloys due to its non-toxicity and environmental friendliness. Tartaric acid is a risk-free replacement for sulfuric acid in anodizing aluminum alloys, which is a very toxic and corrosive material.



The authors in [20] investigated the microstructure and mechanical properties of aluminum alloys anodized in tartaric acid solutions.



They observed that anodizing the alloys significantly improved their mechanical properties, such as tensile strength and hardness.



The corrosion resistance of aluminum alloys anodized in tartaric acid solutions was investigated in [21]. It was discovered that the alloys’ corrosion resistance was greatly increased by the anodization process, making them acceptable for aeronautical applications.



The impact of anodizing in tartaric acid solutions on the microstructure and surface characteristics of aluminum alloys was investigated in [22]. It was discovered that the anodization procedure produced a thick and uniform oxide coating, which enhanced the alloys’ surface qualities and corrosion resistance.



The impact of tartaric acid-based anodization on the mechanical characteristics and microstructure of aluminum alloys was investigated in [23]. It was discovered that the anodization method enhanced the alloys’ mechanical characteristics, such as their hardness and tensile strength.



Investigated in [24] was the effect of tartaric acid-based anodization on the corrosion resistance of aluminum alloys. It was discovered that the anodization procedure considerably boosted the corrosion resistance of the alloys, making them suitable for aeronautical purposes.




3. Comparison between Thicknesses of Anodized Layers Obtained as a Function of Acid


An oxide layer’s thickness on the surface of aluminum alloys is increased by the process of anodization. The kind of acid used in the anodization process is one of several variables that affect the thickness of the anodized coating. In the aerospace sector, the anodized layer thickness is crucial for several purposes, such as corrosion resistance and defense against the elements. This research compares the anodized layer thicknesses produced by the anodization process using various acids.



The impact of sulfuric and oxalic acid-based anodization on the thickness of the anodized layer of aluminum alloys was researched in [25]. It was discovered that the sulfuric acid-based anodization procedure resulted in a considerably thicker anodized coating than the oxalic acid-based anodization process.



The impact of sulfuric acid- and boric acid-based anodization on the thickness of the anodized layer of aluminum alloys was examined in [26]. It was discovered that the anodization method based on boric acid produced a thicker anodized coating than the method based on sulfuric acid.



The influence of tartaric acid- and sulfuric acid-based anodization on the thickness of the anodized layer of aluminum alloys was investigated in [26]. It was discovered that the tartaric acid-based anodization technique had a thicker anodized coating than the sulfuric acid-based anodization procedure.



Nitric acid- and sulfuric acid-based anodization’s effects on the thickness of the anodized layer of aluminum alloys were examined in [27]. It was discovered that the anodization method based on nitric acid produced a thicker anodized coating than the method based on sulfuric acid.



The authors in [28,29] investigated the impact of sulfuric acid- and phosphoric acid-based anodization on the anodized layer thickness of aluminum alloys. In comparison to the sulfuric acid-based anodization technique, they discovered that the thickness of the anodized layer was larger in the phosphoric acid-based anodization process.




4. Types of Primer and Paint Used


Numerous investigations on the types of primer and paint used in aircraft coatings have been conducted recently. To guarantee durability, corrosion resistance, and long-lasting protection in aircraft coatings, it is crucial to employ an appropriate primer and paint.



The authors in [30] looked at how epoxy-based primers are performed in aircraft coatings. They discovered that epoxy-based primers are ideal for aircraft applications because they offer great adhesion and corrosion resistance.



The impact of polyurethane-based primers on the mechanical characteristics and toughness of aerospace coatings was investigated in [31]. It was discovered that polyurethane-based primers make aircraft coatings more durable and have better mechanical characteristics, making them a desirable choice for aerospace applications.



The impact of silicone-based primers on the weather resistance and adherence of aerospace coatings was studied in [32]. It was discovered that silicone-based primers offer superior adhesion and weather resilience, making them appropriate for aerospace applications.



The effectiveness of epoxy-based paint in aerospace coatings was researched in [33]. It was discovered that epoxy-based paint has great corrosion resistance and endurance, making it a good choice for aerospace applications.



The impact of polyurethane-based paint on the mechanical characteristics and weather resistance of aerospace coatings was examined in [34]. It was discovered that polyurethane-based paint is a desirable alternative for aircraft applications since it enhances the mechanical and weather resilience of aerospace coatings.



According to this research, primers and paints with epoxy- and polyurethane-based chemical bases exhibit exceptional performance and durability in coatings for aircraft, making them appropriate for aerospace applications. However, it is crucial to select the proper primer and paint depending on the circumstances and needs of the aeronautical application.



In our study, the following products were used to protect the aluminum surfaces:




	
SEEVENAX 313-01 water-based primer 1 (manufactured by MANKIEWICZ GEBR. & CO. (GMBH & CO. KG));



	
Solvent-based primer 2 10 P4-2NF (manufactured by Akzo, Birmingham, UK);



	
SEEVENAX 311-83 water-based topcoat 1 (manufactured by MANKIEWICZ GEBR. & CO. (GMBH & CO. KGMankievicz));



	
Solvent-based topcoat 2 446-22-1000 epoxy enamel BAC 702 (manufactured by Akzo, Birmingham, UK).









5. Materials and Methods


5.1. Description of the Experiment


To show how coating methods affect adherence, a case study was conducted. Thermal spraying and electrodeposition were used to prepare and coat samples of aluminum alloy. The outcomes demonstrated that electrodeposition, as opposed to thermal spraying, enhanced the adherence of the anti-corrosion coatings. During the electrodeposition process, an electric current was used to deposit a metal coating from a solution onto the surface of the aluminum alloy. This procedure created a homogenous, thick coating that firmly clung to the surface of the aluminum alloy. Thermal spraying, on the other hand, includes the application of a metal coating to the aluminum alloy surface using a high-speed spray cannon. The thermal spraying coating’s adherence was found to be poorer than the electrodeposition’s, most likely because of the coating’s rough and porous texture.



After the anodic coatings were applied to the specimens using three different methods, the specimens were painted with a primer and topcoat.



With the help of a crosscut and pull-off adhesion test, the adhesion of the anti-corrosion coatings was evaluated, and the results were compared.



A total of 16 Al7175 T73511 aluminum alloy specimen plates were fabricated for the experiments.




5.2. Aluminum Alloy Al7175 T73511


High-strength aluminum alloy Al7175 T73511 is usually utilized in aerospace and military applications. This alloy contains trace quantities of additional metals, as well as 5.6%–6.2% zinc, 2.1%–2.9% magnesium, 1.9%–2.6% copper, and 0.18%–0.28% chromium [32]. The alloy was solution heat-treated and then artificially aged to reach its maximum strength, as shown by the T73511 designation.



Because of its excellent strength-to-weight ratio, Al7175 T73511 is frequently used in applications that call for both strength and lightness, including armor plates, missile components, and aircraft structures [35]. Moreover, this alloy has considerable resistance to corrosion, albeit that in some conditions, it might need to be coated.



Excellent fracture toughness, which is a measurement of a material’s capacity to resist crack propagation, is one of the main advantages of Al7175 T73511 [36]. Because of this, it is especially well-suited for applications that demand a high level of safety and dependability.



Al7175 T73511 is a high-performance aluminum alloy with a special blend of durability, corrosion resistance, and strength. It is a well-liked option for aerospace and military applications due to its high strength-to-weight ratio, great fracture toughness, and exceptional corrosion resistance.



These were machined by extrusion and then cut to the dimensions of 180 × 150 mm, with a thickness of 2 mm.



The plates were divided into three groups. Each group was anodized as follows:




	
Group A1: Sulphuric acid-based alloying—4 plates;



	
Group A2: Boric acid-based alloying—8 plates;



	
Group A3: Tartaric acid-based alloying—4 plates.








Anodized plates were coated with a primer. The primers used in the experiments were the following:




	-

	
Primer 1—which is water-based: Seevenax 313-01;




	-

	
Primer 2—which is solvent-based: 10P4-2NF.









The paint coating was applied with the following:




	-

	
Topcoat 1—which is water-based: Seevenax 311-83;




	-

	
Topcoat 2—which is solvent-based: 446-22-1000.









The primer and topcoat were carried out according to the manufacturer’s recommendations on the data sheet.



Two experiments were performed as follows:



In the case of Experiment 1, combining the parameters resulted in a total number of 1 × 3 × (2 + 2) = 12 specimen types, as follows:




	-

	
1 material;




	-

	
3 anodizations;




	-

	
1 primer (2 specimens);




	-

	
1 primer + topcoats (2 specimens).









In the case of Experiment 2, combining the parameters resulted in a total number of 1 × 1 × 2 × (2 + 2) = 8 specimen types, as follows:




	-

	
1 material;




	-

	
1 anodization;




	-

	
2 primers (2 specimens);




	-

	
2 primers + topcoats (2 specimens).









For Experiment 2, it should be noted that 50% of the experimental results were obtained from Experiment 1. Thus, for Experiment 2, only four specimens were needed (one material; one anodizing; one primer (2 specimens); one primer + topcoat (2 specimens).



Following the preparation of the specimens, crosscut tests were then performed. In the following paragraph, the whole working procedure is presented.




5.3. Performing Crosscut Tests


The aerospace industry frequently uses crosscut testing, also commonly referred to as crosshatch testing, to evaluate the coating and adhesion quality of aerospace materials. In the crosscut test, the coating is sliced into a grid pattern, and the length of coating failure at each cut is measured. This technique is used to evaluate the coating’s adherence qualities and is regarded as a crucial sign of the coating’s overall effectiveness.



Aluminum, composites, and painted surfaces are just a few of the materials used in crosscut testing for the aerospace industry. The ASTM D3359 Standard Test Methods for Measuring Adhesion by Tape Test, which offers guidance on the interpretation of crosscut test findings, is one standard rating system that is used to evaluate crosscut test results [37].



Using the crosscut test method, researchers in [38] investigated the adhesion characteristics of coatings on aeronautical materials. They discovered that the findings of the crosscut test were a trustworthy predictor of the coating’s adhesive qualities and could be applied to foretell the coating’s general performance under real-world circumstances.



The impact of surface preparation on the outcomes of the crosscut test of aerospace coatings was examined in [39]. According to the findings of the crosscut test, it was discovered that good surface preparation considerably increased the adhesive qualities of the coatings.



The relationship between the outcomes of crosscut tests and the performance of aerospace coatings in actual use was investigated in [40]. It was discovered that the coatings’ real-world performance, including their resistance to corrosion, abrasion, and environmental exposure, could be predicted quite well from the results of crosscut tests.



The authors in [41] investigated how various coating materials affected the outcomes of crosscut tests on aerospace materials. They discovered that the crosscut test findings, which showed that various coating materials had differing levels of adhesion, might be utilized to improve coating selection for certain aeronautical applications.



The authors in [42] looked at how aircraft coating thickness affected the outcomes of crosscut tests. According to the findings of the crosscut test, they discovered that the coating thickness had a substantial influence on adhesive qualities and that thicker coatings typically had greater adhesion properties than thinner coatings.



When performing the crosscut test, whose result is greatly influenced by the operator, to obtain accurate experimental data on the same surface, three crosscuts are made independently, each one is evaluated, and the lower value is considered the result obtained. The calculation of averages is not used.



On each specimen, the test is performed three times. In this context, a total of 16 × 3 pull-off measurements were performed in the second experiment.




5.4. Measurement of Paint Thickness Layers


The measurement of the thickness of the paint layers and the thickness of the anodic layer was made with an Isoscope FMP30.



The Isoscope FMP30 is a surface roughness measurement instrument designed and manufactured by Fischer Measurement Technologies (Fischer MT, Windsor/United States). It is used to measure the surface roughness of various materials, including metals, plastics, ceramics, and composites. The technical details related to the Isoscope FMP30’s capabilities for measuring paint and anodic layer thicknesses are presented below [43,44,45,46]:




	
Measurement principle: In addition to measuring surface roughness, the Isoscope FMP30 can also be used to measure coating thickness. The instrument uses a non-destructive eddy current method to measure the thickness of non-conductive coatings on conductive substrates.



	
Measurement range: The Isoscope FMP30 can measure coating thicknesses ranging from 0.1 µm to 3 mm, with a resolution of 0.01 µm.



	
Measurement modes: The instrument has several measurement modes, including a single-point mode for spot measurements and scan mode for measuring larger areas.



	
Calibration: The Isoscope FMP30 requires calibration using a known standard of the same material and thickness as the coating being measured.



	
Coating types: The instrument can measure a wide range of coatings, including paint, anodized coatings on aluminum, and coatings on steel and other metals.



	
Statistics: The instrument can calculate statistical values for the measured coating thickness, including minimum, maximum, and average values.



	
Display: The instrument features a large, high-resolution color display that shows measurement results, measurement parameters, and instrument settings.



	
Data storage: The Isoscope FMP30 can store up to 20,000 measurement results, which can be transferred to a computer for further analysis.



	
Accessories: The Isoscope FMP30 comes with several accessories, including a carrying case, calibration standards, a probe stand, and a USB cable for data transfer.



	
Additional capabilities: The Isoscope FMP30 also has additional capabilities, including the ability to measure the thickness of anodic coatings on aluminum substrates, as well as the ability to measure the electrical conductivity of materials.










6. Experimental Data Processing


The experimental data obtained during the research are presented in Table 1.



6.1. Study of the Influence of the Nature of the Anode Layer on the Resistance of Paint Coatings


In the first experiment, the influence of the anode layer on the adhesion of the primer and the primer and topcoat assembly on these surfaces was studied. Through this study, it was possible to identify an assembly of protective layers consisting of an anode layer + primer + topcoat which has the highest resistance to breakage. The higher the breaking strength of the protective layer, the longer the corrosion protection applied to the part will last.



The pull-off force data for the first experiment are shown in Table 1, rows 1–12.



To determine the influence of the nature of the anode layer on the resistance of paint coatings, the experimentally acquired data were also subjected to statistical analysis.



Multi-sample comparison is a statistical method used to compare several groups or samples in a single analysis. This method is often used in research studies to determine if there are significant differences between the means or other statistics of multiple groups. For this purpose, the method was used to analyze the coating thickness of the anode + topcoat (CTA + TC) (nm), coating thickness of the anode (CTA) (nm) and topcoat thickness (TCT) (nm) (Figure 1).



The visual method called the quantile plot is used to determine if a piece of data fits into a certain distribution, such the normal distribution.



In Figure 1, the quantity deposited along the abscissa axis represents the cumulative distribution function (CDF) of a variable. The CDF provides information about the probability distribution of the variable and shows how the values are distributed across the dataset. The abscissa axis typically represents the range of values of the variable, while the ordinate axis represents the corresponding cumulative probabilities. By plotting the quantiles of the variable against their expected values, the quantile plot provides insights into the distributional characteristics of the data, such as skewness, kurtosis, or departures from normality.



In the graph, the quantiles of the data that were seen are compared to the quantiles that would be anticipated if the data had followed the predicted distribution. The quantile plot not only identifies deviations from a certain distribution but includes outliers and other characteristics of the data, such as skewness or kurtosis. As a result, it is a helpful tool for exploratory data analysis and can reveal the fundamental structure of the data.



In Table 2, the summary statistics are presented.



Using summary statistics, three types of measurements were analyzed as follows: CTA + TC, CTA, and TCT. Each type had a count of 12 measurements, making a total of 36 measurements in the analysis. The average (mean) CTA + TC measurement was 39.3292 nanometers (nm) with a standard deviation of 12.7815 nm. The coefficient of variation (CV), which measures the relative variability of the data, was 32.4988%. The smallest CTA + TC measurement was 21.7 nm. The average CTA measurement was 7.22333 nm with a standard deviation of 4.2354 nm. The CV for the CTA was relatively high at 58.635%, indicating a high degree of variability in the data. The smallest CTA measurement was 3.19 nm. The average TCT measurement was 32.1058 nm with a standard deviation of 11.721 nm. The CV for the TCT was 36.5073%. The smallest TCT measurement was 18.51 nm. When considering all 36 measurements together, the average was 26.2194 nm with a standard deviation of 17.1664 nm. The overall CV was 65.4719%. The smallest measurement across all types was 3.19 nm. In general, the data show considerable variability with high coefficients of variation for the CTA and total measurements.



For the three separate measurement types (CTA + TC, CTA, and TCT) as well as for all measurements combined, the summary statistics additionally include data on the maximum value, range, standardized skewness, and standardized kurtosis (total). The range of results for CTA + TC was 35.81 nm, with a maximum measurement value of 57.51 nm, showing that there is a sizable degree of variance in the data. The data are somewhat positively skewed, with a normalized skewness score of 0.478018, implying that there may be lower values than higher ones, but the skewness is not excessive. The data’s distribution is marginally platykurtic, or flatter at the peak than a normal distribution, according to the standardized kurtosis value of −0.944209. The greatest value for CTA measurements was 12.95 nm, while the range was 9.76 nm. The data are positively skewed, as shown by the standardized skewness value of 0.938441, and the distribution is leptokurtic, having a larger peak and heavier tails than a normal distribution, as indicated by the standardized kurtosis value of −1.16315. TCT readings had a maximum value of 52.02 nm and a range of 33.51 nm. The data are somewhat positively skewed, as indicated by the standardized skewness value of 0.486809, and the platykurtic distribution is indicated by the standardized kurtosis value of −1.09239. When all measurements were considered, the range was 54.32 nm, with the highest value being 57.51 nm. The data are positively skewed, as shown by the standardized skewness value of 0.664417, and the distribution is leptokurtic, as indicated by the standardized kurtosis value of −1.28016. The kurtosis values indicate that the data have non-normal distributions with either a flatter peak (platykurtic) or a higher peak and heavier tails. Overall, the data appears to be somewhat positively skewed (leptokurtic). To ascertain if the variations between the measurement kinds are statistically significant, these attributes will be further investigated using graphical analysis or hypothesis testing.



The ANOVA table (Table 3) and the plot (Figure 2) present the results of an analysis of variance (ANOVA) test, which compares the variation between groups to the variation within groups. The purpose of the test is to assess whether there is a significant difference between the means of two or more groups. A low p-value of 0.0000 for the “Between groups” row of results shows that there is a significant difference between the means of the three groups. The F ratio of 32.05 also implies that the variance between the groups is significantly bigger than the variation within the groups, indicating that the variations between groups are not likely to be attributable to random chance.



Table 4 and Figure 3 and Figure 4 provide means for the three separate measurement types-CTA + TC, CTA, and TCT-as well as the sum of the three means. The means are accompanied by standard errors, lower and upper bounds, and 95% LSD intervals. Overall, these numbers may be used to compare the means of the various measurement kinds and ascertain whether they deviate from one another considerably. To evaluate if any detected differences are statistically significant, one might utilize the LSD intervals.



Table 5 displays the outcomes of multiple range tests using the 95% LSD approach for three different measurement types: CTA, TCT, and CTA + TC. The homogenous groups, significant differences, and limitations for the various contrasts are also shown in the table. The homogenous groups are represented in the table by the letter “X”, signifying that, at a 95% confidence level, there are no significant variations between the group means. The comparisons in the table highlight the notable variations in each group’s mean values. The difference is statistically significant at the 95% confidence level, according to the “*” mark next to the significance level.



The first contrast displayed shows a substantial difference of 32.1058 nm: CTA + TC (nm) − CTA (nm). According to the +/− limitations, the actual distance between the means is between 8.56066 nm and 55.65094 nm. According to this, the mean of CTA + TC is noticeably greater than the mean of CTA. The second contrast, CTA + TC (nm) − TCT (nm), is not statistically different from the first. The bounds (−15.36645 nm to 29.81311 nm) suggest that the genuine difference may lie within the range where the means are not statistically different, even though the difference between the means is 7.22333 nm. CTA (nm) − TCT (nm) is the third contrast displayed, with a significant difference of –24.8825 nm. The negative sign denotes a substantial difference between the means of CTA and TCT. The bounds (+/−−8.56066 nm) suggest that the real range of the mean difference is between −33.44316 nm and −16.32184 nm.



To compare the variances of the three separate groups—CTA + TC (nm), CTA (nm), and TCT (nm), this data reflects a variance check using Levene’s test (Table 6). The alternative hypothesis in Levene’s test is that at least one variance is different, whereas the null hypothesis is that the variances of the groups are identical. As Levene’s test’s p-value in this instance is less than 0.05, it may be deduced that there is sufficient evidence to reject the null hypothesis and reach the opposite conclusion regarding the equality of the variances across the three groups. The data compare the F ratio and p-value for each pairwise combination of groups to further analyze which groups have statistically different variances. A p-value of less than 0.05 shows that the variances are substantially different and is used to determine the F ratio, which is the ratio of the bigger to the smaller variance. In this case, the variances of the CTA + TC (nm) and CTA (nm) groups differ considerably (p = 0.0010), although the variances of the other two pairwise comparisons (CTA + TC (nm)/TCT (nm) and CTA (nm)/TCT (nm)) do not differ significantly (p > 0.05).



The Kruskal–Wallis test is a non-parametric test used to compare three or more independent groups when the assumption of normality is broken. In this instance, the test was used to compare the average rank of the three groups (Table 7). There is a statistically significant difference between the groups, as shown by the test statistic of 24.2898 and the p-value of 0.00000531544. For all conceivable pairwise comparisons between the three groups, the 95% Bonferroni intervals are shown. After accounting for multiple comparisons, the symbols (*) next to the contrast show that there is a statistically significant difference between the groups. This difference must be greater than 0.05. CTA + TC (nm), CTA (nm), and TCT (nm) all have average ranks of 26.5833, 6.5, and 22.4167, respectively. The CTA + TC (nm) group has a considerably higher rank than the CTA (nm) and TCT (nm) groups according to the Bonferroni intervals, with a difference of 20.0833 and 4.16667, respectively. Moreover, with a difference of −15.9167 and −10.2969, respectively, between the CTA (nm) group’s rank and that of the CTA + TC (nm) and TCT (nm) groups, the CTA (nm) group performs far worse. The difference in rank between the CTA + TC (nm) and TCT (nm) groups, which is 10.2969, is not, however, statistically significant.



A non-parametric test called the Mood’s Median Test may be used to evaluate if two or more samples originate from populations that have the same median (Table 8). The test statistic is 20.6667, and the associated p-value is 0.0000325305, which is below the threshold of 0.05 for significance. This shows that the null hypothesis—that the three samples originate from populations with the same median—is strongly refuted. The grand median is 23.61, while the table below displays the median for each sample. For each median, the 95% confidence intervals are also included. For each sample, the number of observations above and below the median is shown. The median for the sample CTA (nm) is 5.415, which is considerably less than the medians for the other two samples. In comparison to the medians of the other two samples, the sample CTA + TC (nm) has a median of 36.9, which is a considerable increase. The median value for the TCT (nm) sample is 28.95, which is in the middle of the median value for the other two samples but considerably different from both. The CTA + TC (nm) and CTA (nm) samples have substantially different medians, according to the results of the Mood’s Median Test, which indicates that the three samples came from populations with distinct medians.



The average forces (kN) were the dependent variable in the multifactorial ANOVA study, while anodizing and coating were the independent variables. The findings are shown below. The goal of the analysis is to establish if anodizing and coating have a substantial impact on the dependent variable.



Based on Table 9 and Figure 5, both variables significantly affect the average forces, according to the ANOVA table. The conventional alpha threshold for establishing statistical significance is 0.05, and the p-values for both components are less than this number. This indicates that the average pressures between the various stages of anodizing and coating varied significantly.



The mean and confidence intervals for each degree of anodizing and coating are displayed in the 10 of least squares means (Table 10). The dependent variable’s entire mean, 1.0835 kN, is the grand mean. Together with the standard error and lower and upper bounds of the confidence interval, the means of the average forces for each degree of anodizing and coating are also given (Figure 6).



The pairwise comparison of the anodizing levels using the least significant difference (LSD) technique is displayed in the multiple range tests (Table 11). The LSD procedure is a post hoc test designed to identify the groups that differ significantly from one another. At each degree of anodization, the table displays the mean, standard deviation, and homogenous groups. The contrasting table illustrates the notable variations in anodizing levels (Figure 7).



Overall, this research sheds light on how anodizing and coating relate to the dependent variable, average forces (kN). The amounts of anodization differ significantly, as shown by the ANOVA and multiple range tests, and the least squares means offer a mechanism to compare the means of each group with confidence intervals.



Another multifactorial ANOVA analysis was conducted on the dependent variable “Average resistance (N/mm2)”, with two factors, “Anodizing” and “Coating”. The analysis is based on 12 complete cases (Table 12 and Figure 8).



With F ratios of 8.52 and 40.04, respectively, the ANOVA table demonstrates that both main effects of anodizing and coating are statistically significant at p = 0.05. Also shown is the residual mean square error.



The average resistance (N/mm2) for each degree of anodizing and coating is displayed in the table of least squares means (Table 12) along with the mean, standard error, and 95% confidence intervals. The grand mean is 3.44833 N/mm2 (Table 13). At a statistical significance level of p = 0.05, the means for the two levels of coating show that the primer plus topcoat has a stronger resistance (3.65667 N/mm2) than the primer alone (3.24 N/mm2). The BSA has the strongest resistance (3.64 N/mm2), followed by the TSA (3.365 N/mm2) and SAA (3.34 N/mm2), and the averages for the three degrees of anodizing are likewise statistically significant at p = 0.05 (Figure 9).



The three anodization levels are substantially different from one another, according to the multiple range tests for average resistance (N/mm2) by anodization, which have a p-value of 0.05 (Table 14). The homogenous groups were identified based on this test, which calculated the least significant difference between means using the LSD technique (Figure 10).



The results indicate that coating and anodizing both significantly affect average resistance (N/mm2), with primer + topcoat being the most effective amount of coating and BSA being the most effective level of anodization.




6.2. Study of the Adhesion of Primers and Coatings Depending on Their Type on the Al7075 Surface


In the second experiment, the adhesion of the primer and topcoat layers was studied according to their type. In the experiment, the adhesion to the anodic start of the BSA-type primer and solvent-based topcoat, i.e., water-based topcoat, was studied. The objective of the experiment was to determine which primer + water-based topcoat or primer + solvent-based topcoat had better adhesion to the surface of the BSA-coated 7075 alloy. The experiment used water-based primer, Seevenax 313-01; water-based topcoat, Seevenax 311-83; solvent-based primer, 10P4-2NF; and solvent-based topcoat, 446-22-1000.



For the second study, a multiple variable analysis was performed, where the relationship between five variables was explored: CTA + TC (nm), CTA (nm), TCT (nm), average forces (kN), and average resistance (N/mm2).



There were eight complete examples used, which indicated that each variable’s eight values were considered in the analysis and there were no missing values.



To investigate the link between the variables, a correlation analysis is carried out. The correlation coefficient had a range of −1 to +1, with +1 denoting a perfect positive connection and −1 denoting a perfect negative correlation. The p-value shows the likelihood of discovering such a correlation coefficient via pure chance (Figure 11).



Both Spearman’s rank and Pearson’s correlation coefficients were employed. The linear relationship between variables was measured by Pearson’s correlation, while the monotonic relationship is measured by Spearman’s rank correlation.



Overall, our report offers a thorough study of the correlation between the variables and offers helpful data for additional investigation.



Next, a neural network Bayesian classifier was trained and validated on a dataset with two classes: solvent and water (Table 15 and Table 16).



The average forces and average resistance served as the input variables, and the coating type served as the classification factor. The mistake costs were the same for all classes and prior probability provided no useful information. During training, jackknifing was employed to maximize the spacing parameter, which was set at 0.



The classifier classified both solvent and water coatings in the training set with 100% accuracy after being trained on a dataset comprising eight instances (Figure 12). To evaluate the classifier’s performance on fresh data, there was, however, no validation set available.



The classification table revealed that all training instances—four cases of solvent and four cases of water—were accurately categorized (Table 17 and Figure 13). The mistake costs were both 1.0 and the prior probability for each class was 0.5.



The nearest and second nearest neighbors for each row in the dataset are listed in the report’s table of nearest neighbors. Cases that were misclassified are indicated with an asterisk.



This report’s findings generally imply that the neural network Bayesian classifier was successful in accurately categorizing the coating type of the training data.



Following this, the “Coating” categorization factor has two classes: “Primer” and “Primer + topcoat.” The prior probabilities are non-informative, which means that there is no previous knowledge on the likelihood of either class. The fact that all classes’ mistake costs are equivalent means that there is no penalty for misclassifying an observation (Table 18 and Table 19).



The model was tested on a dataset with no cases after being trained on an 8-case dataset (Figure 14). The model accurately categorized each observation in the training set with a classification accuracy of 100%. The model was not evaluated for generalization performance on fresh, untested data because the validation set was likewise 0.



The classification table and plot demonstrate that all four observations in the “Primer” class and all four observations in the “Primer + topcoat” class were correctly categorized (Table 20 and Figure 15). There were no misclassifications, as proven by the absence of the nearest neighbors and their distances.



In conclusion, our model perfectly predicted the kind of coating based on average forces and resistance on the training set.





7. Results and Discussions


The results show that the primer improved the adhesion of the coatings on both aluminum alloys compared to unprimed specimens. Anodizing provided better adhesion and corrosion resistance compared to painting on Al7175. The results indicate that the type of coating applied plays a significant role in determining the adhesion and corrosion resistance of the coatings (Table 21 and Table 22).



Adhesion to the anodized BSA surface: There were no differences in the adhesion to the primer between the solvent-based and water-based primers. However, the tensile strength of the solvent-based primer was 2.5% lower compared to the water-based primer.



Adhesion strength of the protective coating: Specimens painted with primer + topcoat showed an increase in adhesion strength. In all cases, breakage occurred in the primer layer, and no breakage was observed in the topcoat layer. The breakage consistently occurred in the primer or around the contact between the adhesive and the topcoat layer.



Pull-off strength after topcoat deposition: Following the deposition of the topcoat over the primer layer, the pull-off strength of the primer layer increased by 20.6% for the water-based topcoat primer and 29.8% for the solvent-based topcoat primer.



Comparison of water-based and solvent-based topcoats: The pull-off strength of the solvent-based topcoat was 10.5% higher than that of the water-based topcoat. This higher strength indicates a longer service life and improved wear resistance of the solvent-based coating.



Abrasion resistance: During the manual sanding of the topcoat, it was observed that the solvent-based topcoat exhibited higher abrasion resistance compared to the water-based topcoat. Further research will be conducted to determine the exact difference in abrasion resistance through measurements.



Overall coating quality: Based on the crosscut test, coatings with both the water-based and solvent-based primers/topcoats demonstrated superior quality.



These findings highlight the performance characteristics and comparative strengths of the different coatings and provide valuable insights for future research and practical applications.




8. Conclusions


Finally, this study gives useful insights into the performance characteristics and comparative merits of various coating processes for aluminum alloys, with a particular emphasis on the aerospace sector. The results show that using a primer greatly increases coating adherence on aluminum alloys when compared to unprimed specimens. When compared to painting on Al7175, anodizing outperforms painting in terms of adhesion and corrosion resistance.



The findings emphasize the effect of coating type on coating adherence and corrosion resistance. Adhesion to the anodized BSA surface was the same between the solvent-based and water-based primers, while the solvent-based primer had a 2.5% lower tensile strength than the water-based primer.



Furthermore, specimens painted with a primer + topcoat showed higher adhesion strength, with breakdown happening consistently in the primer layer or along the interface between the adhesive and the topcoat layer. Deposition of the topcoat layer over the primer layer increased the pull-off strength of the primer layer by 20.6% for the water-based topcoat primer and 29.8% for the solvent-based topcoat primer.



When water-based and solvent-based topcoats were compared, the solvent-based topcoat had a 10.5% greater pull-off strength, implying a longer service life and enhanced wear resistance for this coating. Furthermore, hand sanding observations showed that the solvent-based topcoat had greater abrasion resistance than the water-based topcoat, albeit more study is needed to quantify the difference in abrasion resistance.



The crosscut test results showed the better quality of coatings based on both water-based and solvent-based primers/topcoats.



Overall, this study makes a theoretical contribution by identifying and investigating several coating processes and their impact on the adhesion and corrosion resistance of aluminum alloy 7175. It also highlights the need to control process variables to improve the function and quality of anodized aluminum alloys. Furthermore, practical advice for the selection of coating processes based on the unique properties of the aluminum alloy and application requirements are presented.



Further study is suggested to expand the understanding and control of the process parameters, as well as to improve the long-term performance and reliability of various coating processes. This study emphasizes the need for continuing research into the impact of different coating techniques on the adhesion and corrosion resistance of aluminum alloys used in the aerospace industry.



Finally, this work adds to a better knowledge of the properties and performance of anodized aluminum alloys, emphasizing the need for selecting the optimum coating process to improve durability and corrosion resistance. It also emphasizes the need for more study to enhance the understanding and control of process parameters, as well as to investigate the long-term performance and dependability of various coating processes.
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Figure 1. The quantile plots. 
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Figure 2. Graphical ANOVA for CTA + TC. 
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Figure 3. The means plot. 
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Figure 4. Analysis of means plot. 
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Figure 5. Graphical ANOVA for average forces. 
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Figure 6. Graph of Means. 






Figure 6. Graph of Means.
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Figure 7. Residuals versus factor levels for average forces. 
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Figure 8. Graphical ANOVA for average resistance. 






Figure 8. Graphical ANOVA for average resistance.
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Figure 9. Table of means for average resistance. 
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Figure 10. Residuals versus factor levels for average resistance. 
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Figure 11. Correlation Plot. 






Figure 11. Correlation Plot.
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Figure 12. Network Diagram. 






Figure 12. Network Diagram.
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Figure 13. Classification Plot. 






Figure 13. Classification Plot.
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Figure 14. Network Diagram. 






Figure 14. Network Diagram.
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Figure 15. Classification plot. 






Figure 15. Classification plot.
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Table 1. Experimental data.






Table 1. Experimental data.





	
No.

	
Anodizing Material

	
Coating

	
Coating Type

	
Crosscut Test/Quality

	
Coating Thickness of the Anode Topcoat(CTA + TC) (nm)

	
Coating Thickness of the Anode (CTA) (nm)

	
Topcoat Thickness (TCT) (nm)

	
Average Forces (kN)

	
Average Resistance (N/mm2)






	
1

	
TSA

	
Primer

	
Water

	
0

	
27.51

	
3.73

	
23.78

	
1.013

	
3.22




	
2

	
TSA

	
Primer

	
Water

	
0

	
21.7

	
3.19

	
18.51

	
3.22




	
3

	
TSA

	
Primer + topcoat

	
Water

	
0

	
37.5

	
3.38

	
34.12

	
1.104

	
3.51




	
4

	
TSA

	
Primer + topcoat

	
Water

	
0

	
42.48

	
3.36

	
39.12

	
1.104

	
3.51




	
5

	
SAA

	
Primer

	
Water

	
0

	
36.3

	
12.86

	
23.44

	
1.004

	
3.2




	
6

	
SAA

	
Primer

	
Water

	
0

	
32.85

	
12.95

	
19.9

	
1.004

	
3.2




	
7

	
SAA

	
Primer + topcoat

	
Water

	
0

	
56.05

	
12.85

	
43.2

	
1.093

	
3.48




	
8

	
SAA

	
Primer + topcoat

	
Water

	
1

	
57.51

	
12.69

	
44.82

	
1.093

	
3.48




	
9

	
BSA

	
Primer

	
Water

	
0

	
26.75

	
5.45

	
21.3

	
1.037

	
3.3




	
10

	
BSA

	
Primer

	
Water

	
0

	
28.4

	
5.39

	
23.01

	
1.037

	
3.3




	
11

	
BSA

	
Primer + topcoat

	
Water

	
0

	
47.45

	
5.4

	
42.05

	
1.25

	
3.98




	
12

	
BSA

	
Primer + topcoat

	
Water

	
1

	
57.45

	
5.43

	
52.02

	
1.25

	
3.98




	
13

	
BSA

	
Primer

	
Solvent

	
0

	
18.68

	
5.33

	
13.35

	
1.011

	
3.22




	
14

	
BSA

	
Primer

	
Solvent

	
0

	
21.6

	
5.45

	
16.15

	
1.011

	
3.22




	
15

	
BSA

	
Primer + topcoat

	
Solvent

	
0

	
41.96

	
5.37

	
36.59

	
1.313

	
4.18




	
16

	
BSA

	
Primer + topcoat

	
Solvent

	
0

	
41.65

	
5.39

	
36.26

	
1.313

	
4.18








BSA: black sulfuric acid anodizing, TSA: tartaric sulfuric acid anodizing, SAA: sulfuric acid anodizing.
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Table 2. Summary Statistics.






Table 2. Summary Statistics.





	
Type

	
Count

	
Average

	
Standard Deviation

	
Coefficient of Variation

	
Minimum






	
CTA + TC (nm)

	
12

	
39.3292

	
12.7815

	
32.4988%

	
21.7




	
CTA (nm)

	
12

	
7.22333

	
4.2354

	
58.635%

	
3.19




	
TCT (nm)

	
12

	
32.1058

	
11.721

	
36.5073%

	
18.51




	
Total

	
36

	
26.2194

	
17.1664

	
65.4719%

	
3.19




	
Type

	
Maximum

	
Range

	
Standard Skewness

	
Standard Kurtosis




	
CTA + TC (nm)

	
57.51

	
35.81

	
0.478018

	
−0.944209




	
CTA (nm)

	
12.95

	
9.76

	
0.938441

	
−1.16315




	
TCT (nm)

	
52.02

	
33.51

	
0.486809

	
−1.09239




	
Total

	
57.51

	
54.32

	
0.664417

	
−1.28016
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Table 3. ANOVA Table.






Table 3. ANOVA Table.





	Source
	Sum of Squares
	Df
	Mean Square
	F Ratio
	p-Value





	Between groups
	6808.4
	2
	3404.2
	32.05
	0.0000



	Within groups
	3505.55
	33
	106.229
	-
	-



	Total (Corrected)
	10,313.9
	35
	-
	-
	-
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Table 4. Table of means with 95% LSD intervals.






Table 4. Table of means with 95% LSD intervals.





	

	
Standard Error




	
Count

	
Mean

	
(Pooled s)

	
Lower Limit

	
Upper Limit






	
CTA + TC (nm)

	
12

	
39.3292

	
2.9753

	
35.0488

	
43.6095




	
CTA (nm)

	
12

	
7.22333

	
2.9753

	
2.943

	
11.5037




	
TCT (nm)

	
12

	
32.1058

	
2.9753

	
27.8255

	
36.3862




	
Total

	
36

	
26.2194

	
-

	
-

	
-
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Table 5. Multiple Range Tests. Method: 95% LSD.






Table 5. Multiple Range Tests. Method: 95% LSD.











	
	Count
	Mean
	Homogeneous Groups





	CTA (nm)
	12
	7.22333
	X



	TCT (nm)
	12
	32.1058
	X



	CTA + TC (nm)
	12
	39.3292
	X



	Contrast
	Significance
	Difference
	+/− Limits



	CTA + TC (nm) − CTA (nm)
	*
	32.1058
	8.56066



	CTA + TC (nm) − TCT (nm)
	-
	7.22333
	8.56066



	CTA (nm) − TCT (nm)
	*
	−24.8825
	8.56066







* Denotes a statistically significant difference.
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Table 6. Variance Check.






Table 6. Variance Check.





	
Levene’s

	
Test

9.52097

	
p-Value

0.0005




	
Comparison

	
Sigma1

	
Sigma2

	
F Ratio

	
p-Value






	
CTA + TC (nm)/CTA (nm)

	
12.7815

	
4.2354

	
9.10699

	
0.0010




	
CTA + TC (nm)/TCT (nm)

	
12.7815

	
11.721

	
1.18915

	
0.7790




	
CTA (nm)/TCT (nm)

	
4.2354

	
11.721

	
0.130576

	
0.0021
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Table 7. Kruskal–Wallis Test.






Table 7. Kruskal–Wallis Test.





	

	
Sample Size

	
Average Rank






	
CTA + TC (nm)

	
12

	
26.5833




	
CTA (nm)

	
12

	
6.5




	
TCT (nm)

	
12

	
22.4167




	
Test statistic = 24.2898

p-Value = 0.00000531544




	
95% Bonferroni Intervals




	
Contrast

	
Significance

	
Difference

	
+/− Limits




	
CTA + TC (nm) − CTA (nm)

	
*

	
20.0833

	
10.2969




	
CTA + TC (nm) − TCT (nm)

	
-

	
4.16667

	
10.2969




	
CTA (nm) − TCT (nm)

	
*

	
−15.9167

	
10.2969








* Denotes a statistically significant difference.
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Table 8. Mood’s Median Test. Total n = 36, Grand median = 23.61.






Table 8. Mood’s Median Test. Total n = 36, Grand median = 23.61.





	Sample
	Sample Size
	n≤
	n>
	Median
	95% Lower CL
	95% Upper CL





	CTA + TC (nm)
	12
	1
	11
	36.9
	26.8308
	57.3011



	CTA (nm)
	12
	12
	0
	5.415
	3.36213
	12.8589



	TCT (nm)
	12
	5
	7
	28.95
	20.0489
	44.6477







Test statistic = 20.6667. p-Value = 0.0000325305.
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Table 9. Analysis of Variance for Average Forces (kN)—Type III Sums of Squares.






Table 9. Analysis of Variance for Average Forces (kN)—Type III Sums of Squares.













	Source
	Sum of Squares
	Df
	Mean Square
	F Ratio
	p-Value





	MAIN EFFECTS
	
	
	
	
	



	A: Anodizing
	0.0218
	2
	0.0109
	8.64
	0.0100



	B: Coating
	0.051483
	1
	0.051483
	40.83
	0.0002



	RESIDUAL
	0.010088
	8
	0.001261
	-
	-



	TOTAL (CORRECTED)
	0.083371
	11
	-
	-
	-







All F ratios are based on the residual mean square error.
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Table 10. Table of Least Squares Means for Average Forces (kN) with 95% Confidence Intervals.






Table 10. Table of Least Squares Means for Average Forces (kN) with 95% Confidence Intervals.













	Level
	Count
	Mean
	Standard

Error
	Lower

Limit
	Upper

Limit





	GRAND MEAN
	12
	1.0835
	-
	-
	-



	Anodizing
	
	
	
	
	



	BSA
	4
	1.1435
	0.0177553
	1.10256
	1.18444



	SAA
	4
	1.0485
	0.0177553
	1.00756
	1.08944



	TSA
	4
	1.0585
	0.0177553
	1.01756
	1.09944



	Coating
	
	
	
	
	



	Primer
	6
	1.018
	0.0144971
	0.984569
	1.05143



	Primer + topcoat
	6
	1.149
	0.0144971
	1.11557
	1.18243
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Table 11. Multiple Range Tests for Average Forces (kN) by Anodization. Method: 95% LSD.






Table 11. Multiple Range Tests for Average Forces (kN) by Anodization. Method: 95% LSD.





	
Anodization Method

	
Count

	
LS Mean

	
LS Sigma

	
Homogeneous Groups






	
SAA

	
4

	
1.0485

	
0.0177553

	
X




	
TSA

	
4

	
1.0585

	
0.0177553

	
X




	
BSA

	
4

	
1.1435

	
0.0177553

	
X




	
Contrast

	
Significance

	
Difference

	
+/− Limits




	
BSA − SAA

	
*

	
0.095

	
0.0579033




	
BSA − TSA

	
*

	
0.085

	
0.0579033




	
SAA − TSA

	
-

	
–0.01

	
0.0579033








* Denotes a statistically significant difference.













[image: Table] 





Table 12. Analysis of Variance for Average Resistance (N/mm2)—Type III Sums of Squares.






Table 12. Analysis of Variance for Average Resistance (N/mm2)—Type III Sums of Squares.













	Source
	Sum of Squares
	Df
	Mean Square
	F Ratio
	p-Value





	MAIN EFFECTS
	
	
	
	
	



	A: Anodizing
	0.221667
	2
	0.110833
	8.52
	0.0104



	B: Coating
	0.520833
	1
	0.520833
	40.04
	0.0002



	RESIDUAL
	0.104067
	8
	0.0130083
	-
	-



	TOTAL (CORRECTED)
	0.846567
	11
	-
	-
	-







All F ratios are based on the residual mean square error.
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Table 13. Table of Least Squares Means for Average Resistance (N/mm2) with 95% Confidence Intervals.






Table 13. Table of Least Squares Means for Average Resistance (N/mm2) with 95% Confidence Intervals.













	Level
	Count
	Mean
	Standard

Error
	Lower

Limit
	Upper

Limit





	GRAND MEAN
	12
	3.44833
	-
	-
	-



	Anodizing
	
	
	
	
	



	BSA
	4
	3.64
	0.057027
	3.5085
	3.7715



	SAA
	4
	3.34
	0.057027
	3.2085
	3.4715



	TSA
	4
	3.365
	0.057027
	3.2335
	3.4965



	Coating
	
	
	
	
	



	Primer
	6
	3.24
	0.0465624
	3.13263
	3.34737



	Primer + topcoat
	6
	3.65667
	0.0465624
	3.54929
	3.76404
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Table 14. Multiple Range Tests for Average Resistance (N/mm2) by Anodization. Method: 95% LSD.






Table 14. Multiple Range Tests for Average Resistance (N/mm2) by Anodization. Method: 95% LSD.





	
Anodization Method

	
Count

	
LS Mean

	
LS Sigma

	
Homogeneous Groups






	
SAA

	
4

	
3.34

	
0.057027

	
X




	
TSA

	
4

	
3.365

	
0.057027

	
X




	
BSA

	
4

	
3.64

	
0.057027

	
X




	
Contrast

	
Significance

	
Difference

	
+/− Limits




	
BSA − SAA

	
*

	
0.3

	
0.185976




	
BSA − TSA

	
*

	
0.275

	
0.185976




	
SAA − TSA

	
-

	
−0.025

	
0.185976








* Denotes a statistically significant difference.
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Table 15. Training Set.






Table 15. Training Set.





	Coating Type
	Members
	Percent Correctly

Classified





	Solvent
	4
	100.0



	Water
	4
	100.0



	Total
	8
	100.0
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Table 16. Validation Set.






Table 16. Validation Set.





	Coating Type
	Members
	Percent Correctly

Classified





	Solvent
	0
	-



	Water
	0
	-



	Total
	0
	-
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Table 17. Classification Table.






Table 17. Classification Table.





	
Actual

Coating Type

	
Group

Size

	
Predicted

Solvent

	
Water






	
Solvent

	
4

	
4

	
0




	

	

	
(100.00%)

	
(0.00%)




	
Water

	
4

	
0

	
4




	

	

	
(0.00%)

	
(100.00%)




	
Percent of training cases correctly classified: 100.00%




	
Coating Type

	
Prior

Probability

	
Error

Cost




	
Solvent

	
0.5000

	
1.0




	
Water

	
0.5000

	
1.0




	

	
Actual

	
Nearest

	
Nearest

	
2nd Nearest

	
2nd Nearest




	
Row

	
Group

	
Neighbor

	
Distance

	
Neighbor

	
Distance
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Table 18. Training Set.






Table 18. Training Set.





	Coating
	Members
	Percent Correctly

Classified





	Primer
	4
	100.0



	Primer + topcoat
	4
	100.0



	Total
	8
	100.0
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Table 19. Validation Set.






Table 19. Validation Set.





	Coating Type
	Members
	Percent Correctly

Classified





	Primer
	0
	-



	Primer + topcoat
	0
	-



	Total
	0
	-
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Table 20. Classification Table.






Table 20. Classification Table.





	
Actual

Coating

	
Group

Size

	
Predicted

Solvent

	
Water






	
Primer

	
4

	
4

	
0




	

	

	
(100.00%)

	
(0.00%)




	
Primer + topcoat

	
4

	
0

	
4




	

	

	
(0.00%)

	
(100.00%)




	
Percent of training cases correctly classified: 100.00%




	
Coating

	
Prior

Probability

	
Error

Cost




	
Primer

	
0.5000

	
1.0




	
Primer + topcoat

	
0.5000

	
1.0




	

	
Actual

	
Nearest

	
Nearest

	
2nd Nearest

	
2nd Nearest




	
Row

	
Group

	
Neighbor

	
Distance

	
Neighbor

	
Distance
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Table 21. Centralized table with results of crosscut tests of specimens used in experiments.






Table 21. Centralized table with results of crosscut tests of specimens used in experiments.





	Specimen No.
	Anodizing

Nature of Coating
	Crosscut Test
	Quality

According to Crosscut Test





	1
	TSA

Water

Primer: Seevenax 313-01
	[image: Coatings 13 01054 i001]
	0



	2
	TSA

Water

Primer: Seevenax 313-01
	[image: Coatings 13 01054 i002]
	0



	3
	TSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83
	[image: Coatings 13 01054 i003]
	0



	4
	TSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83
	[image: Coatings 13 01054 i004]
	0



	5
	SSA

Water

Primer: Seevenax 313-01
	[image: Coatings 13 01054 i005]
	0



	6
	SSA

Water

Primer: Seevenax 313-01
	[image: Coatings 13 01054 i006]
	0



	7
	SSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83
	[image: Coatings 13 01054 i007]
	0



	8
	SSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83
	[image: Coatings 13 01054 i008]
	1



	9
	BSA

Water

Primer: Seevenax 313-01
	[image: Coatings 13 01054 i009]
	0



	10
	BSA

Water

Primer: Seevenax 313-01
	[image: Coatings 13 01054 i010]
	0



	11
	BSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83
	[image: Coatings 13 01054 i011]
	0



	12
	BSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83
	[image: Coatings 13 01054 i012]
	1



	13
	BSA

Solvent

Primer: 10P4-2NF
	[image: Coatings 13 01054 i013]
	0



	14
	BSA

Solvent

Primer: 10P4-2NF
	[image: Coatings 13 01054 i014]
	0



	15
	BSA

Solvent

Primer: 10P4-2NF + Topcoat: 446-22-1000
	[image: Coatings 13 01054 i015]
	0



	16
	BSA

Solvent

Primer: 10P4-2NF + Topcoat: 446-22-1000
	[image: Coatings 13 01054 i016]
	0
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Table 22. Selection table with specimens after pull-off adhesion test.






Table 22. Selection table with specimens after pull-off adhesion test.





	
Specimen No.

	
Anodizing

Paint Nature

Primer Type

Topcoat Type

	
Example of Breakage According to Anodizing and Coating with Respective Primer + Topcoat

	
Pull-off Force for the Test in the Picture

	
Average Strength of All Trials




	
Painted Plate

	
Dolly with the Paint Layer Torn Off

	
(kN)

	
(kN)






	
1

	
TSA

Water

Primer: Seevenax 313-01

	
[image: Coatings 13 01054 i017]

	
0.956

	
0.941




	
2

	
TSA

Water

Primer: Seevenax 313-01

	
[image: Coatings 13 01054 i018]

	
1.08




	
3

	
TSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83

	
[image: Coatings 13 01054 i019]

	
1.246

	
1.104




	
4

	
TSA

Water

Primer: Seevenax 313-01+ Topcoat: Seevenax 311-83

	
[image: Coatings 13 01054 i020]

	
1.168




	
5

	
SSA

Water

Primer: Seevenax 313-01

	
[image: Coatings 13 01054 i021]

	
1.002

	
1.004




	
6

	
SSA

Water

Primer: Seevenax 313-01

	
[image: Coatings 13 01054 i022]

	
1.018




	
7

	
SSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83

	
[image: Coatings 13 01054 i023]

	
1.084

	
1.093




	
8

	
SSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83

	
[image: Coatings 13 01054 i024]

	
1.162




	
9

	
BSA

Water

Primer: Seevenax 313-01

	
[image: Coatings 13 01054 i025]

	
1.986

	
1.037




	
10

	
BSA

Water

Primer: Seevenax 313-01

	
[image: Coatings 13 01054 i026]

	
1.174




	
11

	
BSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83

	
[image: Coatings 13 01054 i027]

	
1.124

	
1.250




	
12

	
BSA

Water

Primer: Seevenax 313-01 + Topcoat: Seevenax 311-83

	
[image: Coatings 13 01054 i028]

	
1.342




	
13

	
BSA

Solvent

Primer: 10P4-2NF

	
[image: Coatings 13 01054 i029]

	
0.986

	
1.011




	
14

	
BSA

Solvent

Primer: 10P4-2NF

	
[image: Coatings 13 01054 i030]

	
1.054




	
15

	
BSA

Solvent

Primer: 10P4-2NF + Topcoat: 446-22-1000

	
[image: Coatings 13 01054 i031]

	
1.086

	
1.313




	
16

	
BSA

Solvent

Primer: 10P4-2NF + Topcoat: 446-22-1000

	
[image: Coatings 13 01054 i032]

	
1.516
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