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Abstract

:

The protective properties of coating systems usually depend on their base layer, since its characteristics and chemical composition are greatly responsible for prevention of corrosion development. Moreover, a good primer as a base coating has to provide good adhesion between the coating system and the substrate material, as well as good cohesion, i.e., coating strength. The described experiment aimed to determine the influence of input parameters (anticorrosive pigment content, conditioning time, dry film thickness) on the adhesion properties of the coating. The optimization of input parameters was achieved by the pull-off test in order to determine their maximum values. For the purpose of imitating aggressive atmosphere of service conditions, the experiment was run in a salt spray chamber, in which samples were cyclically sprayed with 5% sodium chloride (NaCl) solution for 120 h. The obtained mathematical model makes it possible to define the optimal values of the input variables for the defined values of the required property, i.e., the adhesion properties of the applied primer for certain exploitative conditions.
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1. Introduction


Application of organic coatings as a surface protection technology aims to create a barrier between the substrate material and the aggressive environment. Coatings are a typical method of preventing the development of corrosion mechanisms [1]. Organic coatings are used in many industrial branches, such as shipbuilding, automotive industry, aeronautics, manufacture of oil storage containers, etc. [2,3,4,5]. Accordingly, it is estimated that as many as 3/4 of metal surfaces are protected by organic coatings [6]. The purpose of protective coatings is to prevent the development of corrosion mechanisms by creating a barrier between the substrate material and the environment, which is referred to as a passive method of protection. Conversely, coatings also serve as active protectors by providing inhibition, neutralization of the medium, or cathodic protection. In addition, primers are expected to have good cohesion properties, i.e., to provide a layer of high strength and to ensure good bonding with the intercoat, all with the aim of ensuring good adhesion between the protective coating system and the substrate material to avoid corrosion mechanisms. Moreover, coatings are required to have good elastic properties, so that they can comply with any dilations of the substrate on which they are applied [6]. For these reasons, this research is focused on investigating the properties of a primer, more specifically an epoxy primer. Among organic coatings, epoxy coatings are given the greatest importance, due to their good mechanical properties, high thermal stability, good chemical resistance and corrosion resistance, and relatively low production costs [7,8]. Previous research has shown good results in the application of two-component epoxy coatings in different atmospheric conditions, so better corrosion resistance and preservation of steel is achieved by applying the same in marine, industrial and urban atmospheres [9,10,11]. One example of the successful application of these coatings is research conducted on coatings for use in the automotive industry. Four different epoxy primers were tested on four different types of material that served as a base for application, and mechanical tests showed good application results [12]. Additionally, except in different operating conditions, these coatings can be applied on different substrates. Although most of the structures are made of general structural carbon steel and the application of these coatings is the greatest tool for their protection, they can be used equally well in protecting and improving the corrosion resistance of structures made of materials with different chemical composition. Tests have proven the successful application of epoxy coatings in the protection of aluminum alloys, where the corrosion properties are further improved by adding phosphate pigments and in the second case by adding magnesium particles, all with the aim of achieving potential difference between base material and protective layer [13,14]. The application of epoxy coatings was also studied in the additional protection of stainless steels, where tests were conducted with the aim of studying the problem of adhesion between the base material and the coating [15]. The experiment started by determining the anticorrosive pigment content, dry film thickness and conditioning time as the input variables. The adhesion force as an output variable was determined by a pull-off test. It defines the adhesion properties of the coating, based on which optimal values of input variables are determined to observe desired properties in accordance with the set criteria. In this experiment, desired properties refer to the highest possible value of adhesion force obtained by the pull-off test, i.e., to the best possible adhesion. This definition of mathematical models allows the correct choice of protection parameters to be made. For specific operating conditions, it could be determined to which value each input variable should be changed. The corrosion category tested here is C3 (according to HRN EN ISO 19244-2), which refers to internal examples of the environment such as production plants with certain air pollution and low humidity, e.g., food processing plants, laundries, breweries, dairies. In contrast, examples of external environments for this category include urban and industrial atmospheres with moderate sulfur dioxide pollution and coastal areas with low salinity. Based on the obtained and defined mathematical models, it is possible to define specific values of input variables in order to achieve the best possible response value, i.e., adhesion of the primer to the surface of the protected material. For example, for a defined value of the dry film thickness of the coating, the proportion of anti-corrosion pigment and the conditioning time can be automatically determined, thus providing the required properties with set limits, in this case the maximization of adhesion. Likewise, if there is a change in, for example, the thickness of the dry coating film, the values of other parameters that will give the best results are defined again. The novelty of making such mathematical models is thus manifested in the achievement of a precisely defined property and the required characteristics of the applied coating for each set condition. To determine the referential values for input variables, the authors reviewed published literature dealing with this topic. It is important to mention that the reviewed studies usually dealt with just one of the components selected in this experiment as the input variable, and no research was found that studied all three components and their interaction. Thus, the presented research was required and justified. The values of the anticorrosive pigment content previously studied by some authors ranged from 2.6% [16], 3.5% [17], 5% [18], and 6% [19] up to 10% [20], and those values were used in this experiment as a basis for the determination of the same input variable. The values of the dry film thickness reported in published studies ranged from 60 ± 6 µm [21], 100 ± 25 µm [13], 120 µm [22], 130 ± 5 µm [23], and 170 ± 10 µm [18] up to 190 µm [9]. Conditioning time, which defines the time interval required to achieve good cohesion force within the coating itself, as well as good adhesion force between the coating and the substrate material, also varied in previous studies. Lower values of conditioning time ranged from 24 h at a room temperature with an additional 8 h at 60 ± 2 °C [24], 24 h at 25 °C with an additional 24 h at 60 °C [23], 5 days [25], and 7 days [20] up to 14 days [26] and 15 days [27].



The main findings from this experimental research are manifested in the ability to define the optimal anticorrosive pigment content in the coating and the optimal dry film thickness of the coating in order to provide satisfactory adhesive properties under certain operating conditions. Additionally, it was possible to determine the optimal conditioning time after application of the coating, that is, to define the optimal time interval after which satisfactory cohesion properties could be achieved in the coating, as well as the adhesion properties between the coating and the base material. Ultimately, this study demonstrates the possibility of achieving the desired physical properties of the coating by selecting the optimal parameters in the form of anti-corrosion pigment as well as technological parameters (dry film thickness and conditioning time) for the set goal (objective function defined by a mathematical model).




2. Experimental Research


Anticorrosive pigment content, dry film thickness and conditioning time affected the adhesion properties, which were tested by the pull-off method. Mathematical model was applied for determination of dependence of adhesion properties on input variables, and its functional dependence resulted from implemented experimental research and analysis of obtained data. The experiment proceeded with the optimization of input variables in order to obtain the best possible values of output variables for the set and desired criteria. The response surface methodology, i.e., the central composite design, was selected for experiment planning. Table 1 presents coded values of the factors.



As a method of planning experiments in this paper, the response surface method (RMS), i.e., the central composite design (CCD) was chosen. The central composite design belongs to the group of higher-order experiments, i.e., to non-factorial plans where each of the input variables varies at five levels, with not all levels are combined in the planning. As a higher-order experiment encompasses a set of mathematical and statistical methods applied to optimize the process, if k represents the number of observed factors, then the central composite plan of the experiment consists of factor states in the vertices (2k), states in the axes (2k), and central states of the experiment. Accordingly, by Formula (1), it is possible to calculate the number of measurements to be performed using this type of analysis of input variables [28]:


  N =  2 k  + 2 k + n  



(1)




where N is the number of experiments, k is the number of factors, and n is the number of repetitions of the central point.



For each categorical factor condition (dry film thickness), there were five repetitions at the focal points. From all of the above, it follows that the number of thinner experiments was equal to 39.



Within the experiment, specimens were made out of S235JR structural steel, an overview of the chemical composition of which is given in Table 2 [29]. Most of the structures are made of general structural steel, and as mentioned in the introductory part, most of them (3/4) are protected by organic coatings. For this reason, the mentioned material was selected for the implementation of the experimental part of the research. Additionally, due to its lower corrosion resistance [30], it is more convenient to study the protective effect of the applied coating. The dimensions of the specimens were 150 mm × 100 mm × 2 mm. The surface used for application of the coating was prepared according to the HRN EN ISO 12944-4 standard, with the required quality of Sa 2.5 according to the HRN ISO EN 8501-1 standard. Each specimen was visually inspected, and its surface roughness was measured 20 times in order to obtain the mean value. If the mean value of roughness ranged from 40–70 μm, the specimen was appropriate for this experiment.



The coating was applied at the prepared specimens’ surface by airless spraying. Thicknesses of the applied coating layers are shown in Table 1 along with the coded values of the experiment plan. There were 15 measurements performed for each specimen, and the mean value of the dry film thickness had to be within the required limits. The specimens were then placed in a salt spray chamber and cyclically sprayed with 5% sodium chloride (NaCl) solution. Due to the high concentration of chlorides dissolved in the electrolyte, higher conductivity occurs. This enables the ion exchange in a higher concentration, which greatly accelerates the development of corrosion mechanisms. In this way, accelerated laboratory tests are performed, where results are obtained in a shorter period of time. Furthermore, it allows faster classification of the protective system characteristics, which saves valuable time in the process of development and production of coatings. Determined category of corrosivity is C3 for low durability (≤7 years) according to the HRN EN ISO 19244-2 standard. The duration of testing in the salt spray chamber was set to 120 h, according to HRN EN ISO 9227 standard.



Testing of Adhesion Properties by the Pull-Off Method


Testing of adhesion properties is important, because the quality of overall protection against corrosion greatly depends on adhesion. Poor adhesion properties can jeopardize even the extremely high quality of the coating itself, because, without good adhesion to the substrate, the coating will not deliver adequate protective effect. There are several ways to test adhesion or certain mechanical properties associated with adhesion, such as specimen bending, notching, and testing by the pull-off method. The equipment used for the pull-off test consisted of Elcometer 108 Hydraulic Adhesion Testers (Elcometer, Aalen, Germany). Figure 1 shows the scheme of the pull-off test, while Figure 2 shows the specimen after the pull-off test.



The pull-off test, used as a method of testing the adhesion properties in this experiment, was performed according to the HRN EN ISO 4624 standard. Within this method, the testing procedure consisted of several steps. The first step was the cleaning of the coated surface of the specimens in order to remove foreign particles, so that the test probe could be properly glued with two-component adhesive to the tested surface. When the adhesive was completely dry, the test probe was connected to a device that gradually increased the magnitude of applied force in order to separate the probe from the specimen. The magnitude of applied force at which the probe separated from the specimen was recorded as the adhesion strength of the coating [31].





3. Analysis of Research Results and Discussion


The obtained research results are presented as arithmetic means of the response, as listed in Table 3. Statistical analysis was completed in the Design Expert software.



3.1. Presentation of Results Obtained by Measurement of Adhesion Properties (Pull-Off Method)


Analysis of the results obtained for this experiment (Table 3) showed that the minimum response value (pull-off) was 4.1 MPa, while the maximum value was 5.3 MPa. The arithmetic mean of the response was 4.62 MPa, and the standard deviation was 0.2833 MPa. The quadratic model proved to be the best according to the values obtained by the pull-off test referring to adhesion properties. Table 4 states the indicators used in the selection of the model.



Table 5 shows the report obtained from the Design Expert with respect to the analysis of variance of the proposed and selected quadratic model. The model is used to present the dependence of adhesion force between the applied coating (pull-off) and the substrate surface on the input variables.



The coefficient of determination R2 was 0.8126. Adjusted coefficient of determination R2adj was 0.7363, and it was adjusted to the number of model members in relation to the number of runs. Predicted coefficient of determination R2pred was 0.5438.



Expression (2) describes regression model for the dependence of adhesion force (pull-off) between the applied coating and the substrate surface on the input variables (Factor A—anticorrosive pigment content; Factor B—conditioning time; Factor C—dry film thickness). Values of the mentioned variables are coded for high factor levels as +1, and for low factor levels as −1, according to Table 1. Expression (3) describes a regression model with actual factor values, where the factor C (dry film thickness) is equal to the value of D1. Expression (4) describes a regression model with actual factor values, where the factor C is equal to the value of D2, and Expression (5) describes a regression model with actual factor values, where the factor C is equal to the value of D3.


Pull-off = 4.8 − 0.1336 ∙ A + 0.0503 ∙ B − 0.0692 ∙ C1 − 0.1462 ∙ C2 − 0.0750 ∙ AB + 0.0035 ∙ AC1 + 0.0836 ∙ AC2 + 0.0683 ∙ BC1 − 0.0857 ∙ BC2 − 0.1437 ∙ A2 − 0.1438 ∙ B2



(2)






Pull-off = 3.758 + 0.108081 ∙ Anticorrosive pigment content + 0.007648 ∙ Conditioning time − 0.000195 ∙ Anticorrosive pigment content ∙ Conditioning time − 0.008984 ∙ Anticorrosive pigment content2 − 0.000016 ∙ Conditioning time2



(3)






Pull-off = 3.83017 + 0.128125 ∙ Anticorrosive pigment content + 0.006044 ∙ Conditioning time − 0.000195 ∙ Anticorrosive pigment content ∙ Conditioning time − 0.008984 ∙Anticorrosive pigment content2 − 0.000016 ∙Conditioning time2



(4)






Pull-off = 4.26747 + 0.085447 ∙ Anticorrosive pigment content + 0.007118 ∙ Conditioning time − 0.000195 ∙ Anticorrosive pigment content ∙ Conditioning time − 0.008984 ∙Anticorrosive pigment content2− 0.000016 ∙Conditioning time2



(5)







Figure 3, Figure 4 and Figure 5 give graphic presentations of the models.



As shown in Figure 3, there was a trend of increase in the value of adhesion force (pull-off) between the applied coating and the substrate surface along with the decease of the anticorrosive pigment content and the increase of conditioning time for the D1 coating thickness.



Figure 4 shows an increasing trend in the value of adhesion force (pull-off) between the applied coating and the substrate surface along with the decease of the anticorrosive pigment content up to the portion of 6%, and along with the increase of conditioning time up to 168 h. At those values, the adhesion force was the greatest for the D2 coating thickness.



As seen in Figure 5, there was an increasing trend in the value of adhesion force (pull-off) between the applied coating and the substrate surface along with the decease of the anticorrosive pigment content and the increase of conditioning time for the D3 coating thickness.



Table 6 gives an overview of the values for the standard error of the regression coefficients, for the confidence interval (CI), and the lower and upper limits.




3.2. Regression Model Adequacy Checking


When checking the adequacy of the regression model, it is important to assume that errors in the model (residuals) should be independently and normally distributed, with expected zero and variance ϭ2. The error or residual is the deviation or difference between the real (actual) value obtained in the experiment and the value estimated by the regression model. Figure 6 and Figure 7 present the diagrams by which the adequacy of the model was checked.



Figure 6 shows that residuals (i.e., internally studentized residuals—transformed or scaled residuals) were distributed normally, since there were no significant deviations from the line.



Figure 7 shows the error, i.e., the residuals that did not correlate (there was neither a negative nor positive correlation) with certain values, and that they did not exceed the diagram boundaries for values ±3. The points in the diagram are colored according to the response (adhesion force).



Figure 8 presents both the actually measured values and the values predicted by the model.



Based on the research results, parameters could be optimized by selecting the values of input variables that provided the desired properties. Table 7 gives an overview of the limitations set for the above-mentioned optimization, and there were given ranges within which the input variables and the desired property to be achieved by optimization were observed. The goal was to achieve the highest possible value of adhesion force between the coating and the substrate.



Following the defined limitations, Table 8 shows the solutions for three combinations of categorical factor levels (dry film thickness).



The optimal parameters that provided the best adhesive properties of the coating are presented in Table 1, above, as well as in Figure 9, below.



Analysis of the research results obtained within the defined central composite design of the experiment confirmed several conclusions. After exposing the specimens to aggressive atmosphere in the salt spray chamber for 120 h, the adhesion force between the applied coating of the dry film thickness D1 (75–85 μm) and D3 (155–165 μm) and the substrate surface was higher for the coating with lower anticorrosive pigment content, and at higher conditioning time. Results obtained for specimens with the applied coating of D2 dry film thickness (115–125 μm) indicated that the highest values were achieved with the anticorrosive pigment content of 6% after a conditioning time of 168 h. With respect to the values of adhesion force being dependent on the dry film thickness of the coating, it was determined that D1 and D2 coating thicknesses had approximately equal values, while the dry film thickness value of D3 was slightly higher. Such results led to the conclusion that higher values of adhesion force could be obtained by adding less anticorrosive pigment to the coating, as well as by applying coatings with greater dry film thickness. If the input parameters are optimized for the purpose of achieving the highest possible value of adhesion force between the coating and the substrate, according to the values obtained by the pull-off test, solutions can be obtained for all three levels of categorical factors. The mentioned combinations for all three categorical factor levels of coating that are able to provide the best adhesion properties (according to the set limitations) are presented in Table 8. According to the determined criteria, i.e., according to the highest adhesion force obtained by the pull-off test, the best adhesion properties of the coating can be achieved with an anticorrosive pigment content of 2.441%, at the conditioning time of 212.825 h and with a coating thickness with the same value as D3.



If we review other published literature on the topic of the adhesive properties of primers, we can see that this paper follows modern research. Efforts to improve the adhesion of the primer to the protected material have been made in various ways. Some authors varied surface preparation methods to ensure a more favorable profile [32,33], while others changed or modified the chemical composition of the coating, i.e., individual components. In this sense, the authors varied the proportion of epoxy binder [34] or optimized the proportion of pigment that will ensure the best adhesion [35]. Cross-cut [34,36] and pull-off methods [32,37] were used to evaluate the performed tests and analyze the obtained results, as two methods for testing the properties that describe adhesion. In comparison with previous research, the innovativeness of this paper can be noted and emphasized once again. In addition to the previously explained models and the possibilities of their use, it can be seen that so far, the variation has always been based on one component or influencing factor, while the interaction of three significant factors influencing adhesion was studied in this paper. In the same way, by varying one influential element, in this way it is possible to compensate for a possible shortcoming by varying the value of the second input variable, i.e., the observed parameter.





4. Conclusions


Upon analysis of the research results with reference to the observed properties, it was proved that changes in the percentage content of anticorrosive pigment had a significant influence on the adhesion properties of the coating. From the diagrams shown in Figure 3, Figure 4 and Figure 5, it is clear that the coating with a lower proportion of anticorrosive pigment had better adhesion properties. In this case, this applies for specimens exposed to aggressive conditions of lower corrosivity category (equally to 120 h in salt spray chamber). It was also confirmed that the application parameters had a significant influence on the observed adhesion properties. The increase in the dry film thickness influenced the increase of adhesion force between the applied coating and the substrate surface. Increasing the thickness of the coating increases the adhesive properties, which is especially evident in the layer applied at a thickness of 155–165 µm. The same goes for conditioning time, since higher values of measured adhesion properties were achieved with a higher conditioning time. Ultimately, optimization makes it possible to find the best ratios of all observed parameters in order to give the best defined properties, as here the best adhesion resulted from a combination of parameters with the following values: anticorrosive pigment content of 2.441%, conditioning time of 212.825 h and coating thickness with the same value as D3 (155–165 µm).
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Figure 1. Scheme of pull-off test. 
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Figure 2. Specimen after the pull-off test. 
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Figure 3. Response surface for regression model of the dependence of adhesion force (pull-off) between the applied coating and the substrate surface for the D1 coating thickness. 
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Figure 4. Response surface for regression model of the dependence of adhesion force (pull-off) between the applied coating and the substrate surface for the D2 coating thickness. 
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Figure 5. Response surface for regression model of the dependence of adhesion force (pull-off) between the applied coating and the substrate surface for the D3 coating thickness. 
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Figure 6. Checking the assumption on normal distribution for adhesion force. 
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Figure 7. Residuals—predicted values for adhesion force. 
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Figure 8. Presentation of actual and predicted values for adhesion force. 
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Figure 9. Optimal parameters for achieving the best adhesive properties. 
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Table 1. Coded values for the experiment plan.
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Coded Values

	
Factor 1—Anticorrosive Pigment Content/%

	
Factor 2—Conditioning Time/Hour

	
Factor 3—Coating Thickness






	
−1.414

	
0.34

	
32

	
D1

(75–85 µm)

	
D2

(115–125 µm)

	
D3

(155–165 µm)




	
−1

	
2

	
72




	
0

	
6

	
168




	
1

	
10

	
264




	
1.414

	
11.66

	
304
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Table 2. Chemical composition of substrate material [29].






Table 2. Chemical composition of substrate material [29].





	
Chemical Composition of Substrate Material/%




	
C

	
P

	
S

	
N






	
0.17

	
0.05

	
0.05

	
≤0.007
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Table 3. Results of the pull-off test.






Table 3. Results of the pull-off test.





	Specimen
	Anticorrosive Pigment Content/%
	Conditioning Time/Hour
	Coating Thickness/µm
	Pull-Off/MPa





	1
	2
	72
	D1 (75–85)
	4.6



	2
	10
	72
	D1 (75–85)
	4.2



	3
	2
	264
	D1 (75–85)
	4.7



	4
	10
	264
	D1 (75–85)
	4.2



	5
	0.34
	168
	D1 (75–85)
	4.6



	6
	11.66
	168
	D1 (75–85)
	4.5



	7
	6
	32
	D1 (75–85)
	4.1



	8
	6
	304
	D1 (75–85)
	4.7



	9
	6
	168
	D1 (75–85)
	4.6



	10
	6
	168
	D1 (75–85)
	4.7



	11
	6
	168
	D1 (75–85)
	4.6



	12
	6
	168
	D1 (75–85)
	4.8



	13
	6
	168
	D1 (75–85)
	4.9



	14
	2
	72
	D2 (115–125)
	4.5



	15
	10
	72
	D2 (115–125)
	4.4



	16
	2
	264
	D2 (115–125)
	4.6



	17
	10
	264
	D2 (115–125)
	4.3



	18
	0.34
	168
	D2 (115–125)
	4.3



	19
	11.66
	168
	D2 (115–125)
	4.3



	20
	6
	32
	D2 (115–125)
	4.4



	21
	6
	304
	D2 (115–125)
	4.2



	22
	6
	168
	D2 (115–125)
	4.5



	23
	6
	168
	D2 (115–125)
	4.5



	24
	6
	168
	D2 (115–125)
	4.8



	25
	6
	168
	D2 (115–125)
	4.8



	26
	6
	168
	D2 (115–125)
	4.6



	27
	2
	72
	D3 (155–165)
	4.8



	28
	10
	72
	D3 (155–165)
	4.5



	29
	2
	264
	D3 (155–165)
	5.3



	30
	10
	264
	D3 (155–165)
	4.4



	31
	0.34
	168
	D3 (155–165)
	4.8



	32
	11.66
	168
	D3 (155–165)
	4.4



	33
	6
	32
	D3 (155–165)
	4.7



	34
	6
	304
	D3 (155–165)
	4.8



	35
	6
	168
	D3 (155–165)
	5.1



	36
	6
	168
	D3 (155–165)
	5.1



	37
	6
	168
	D3 (155–165)
	4.9



	38
	6
	168
	D3 (155–165)
	5



	39
	6
	168
	D3 (155–165)
	5.1
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Table 4. Simulation using four models in Design Expert of adhesion force (pull-off) between the applied coating and the substrate surface.
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	Source
	Model

p Value
	Lack of Fit

p Value
	Adjusted R2
	Predicted R2





	Linear
	0.0002
	0.0078
	0.4074
	0.3015



	2FI
	0.3212
	0.0076
	0.4266
	0.2050



	Quadratic
	<0.0001
	0.2149
	0.7363
	0.5438



	Cubic
	0.2146
	0.2923
	0.7716
	0.2997
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Table 5. Analysis of variance for the regression model for adhesion force between the applied coating and the substrate surface.
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	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p Value





	Model
	2.48
	11
	0.2253
	10.65
	<0.0001



	A—Anticorrosive pigment content
	0.4286
	1
	0.4286
	20.25
	0.0001



	B—Conditioning time
	0.0607
	1
	0.0607
	2.87
	0.1018



	C—Coating thickness
	0.9431
	2
	0.4715
	22.29
	<0.0001



	AB
	0.0675
	1
	0.0675
	3.19
	0.0853



	AC
	0.1167
	2
	0.0584
	2.76
	0.0813



	BC
	0.0984
	2
	0.0492
	2.33
	0.1170



	A2
	0.4312
	1
	0.4312
	20.38
	0.0001



	B2
	0.4312
	1
	0.4312
	20.38
	0.0001



	Residual
	0.5713
	27
	0.0212
	-
	-



	Lack of Fit
	0.3793
	15
	0.0253
	1.58
	0.2149



	Pure Error
	0.1920
	12
	0.0160
	-
	-



	Cor Total
	3.05
	38
	-
	-
	-
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Table 6. Standard errors of regression coefficients-adhesion force.
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	Term
	Coefficient Estimate
	df
	Standard Error
	95% CI Low
	95% CI High





	Independent variable
	4.80
	1
	0.0376
	4.72
	4.88



	A—Anticorrosive pigment content
	−0.1336
	1
	0.0297
	−0.1946
	−0.0727



	B—Conditioning time
	0.0503
	1
	0.0297
	−0.0106
	0.1112



	C(1)
	−0.0692
	1
	0.0329
	−0.1368
	−0.0016



	C(2)
	−0.1462
	1
	0.0329
	−0.2137
	−0.0786



	AB
	−0.0750
	1
	0.0420
	−0.1612
	0.0112



	AC(1)
	0.0035
	1
	0.0420
	−0.0827
	0.0896



	AC(2)
	0.0836
	1
	0.0420
	−0.0025
	0.1698



	BC(1)
	0.0683
	1
	0.0420
	−0.0179
	0.1544



	BC(2)
	−0.0857
	1
	0.0420
	−0.1718
	0.0005



	A²
	−0.1437
	1
	0.0318
	−0.2091
	−0.0784



	B²
	−0.1438
	1
	0.0318
	−0.2091
	−0.0784










[image: Table] 





Table 7. Defined limitations for optimization of parameters.
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	Name
	Goal
	Lower Limit
	Upper Limit





	A: Anticorrosive pigment content/%
	is in range
	2
	10



	B: Conditioning time/hour
	is in range
	72
	264



	C: Coating thickness
	is in range
	D1
	D3



	Pull-off/MPa
	maximize
	4.1
	5.3
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Table 8. Solution for three combinations of categorical factor levels.
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	Number
	Anticorrosive Pigment Content/%
	Conditioning Time/Hour
	Coating Thickness
	Pull-Off/MPa





	1
	2.441
	212.825
	D3
	5.129



	3
	3.597
	222.652
	D1
	4.804



	4
	5.389
	159.992
	D2
	4.659
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