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Abstract

:

This scientific paper aims to determine the optimal economic roughness of galvanized surfaces by studying the influence of turning surface roughness on the quality of galvanizing. The thickness of the zinc layer, its corrosion resistance, and the precision of the galvanized parts were also examined. S235J0 steel samples were processed using a turning operation to obtain different roughness values. Three galvanizing technologies, galvanic galvanizing, hot dip galvanizing, and hot dip galvanizing with centrifugation, were used in the experiments. The surface evolution from turning to zinc layer deposition was monitored, and parts were subjected to salt spray corrosion resistance testing. Statistical analysis confirmed the stability of the technologies used and the accuracy of the experimental data. Optimal roughness ranges for galvanizing were determined based on the quality of the surface before galvanizing and the galvanizing technology used. The findings show that avoiding small roughness values leads to savings in the machining phases. From the dimensional accuracy perspective, the parts have smaller dimensions after galvanizing, and the dimensional accuracy decreases. The study confirms that steel parts are protected from corrosion, and degradation of the zinc layer is more advanced in sections with less roughness. The optimal surface roughness values before galvanizing were determined to be Ra < 3.657 m in the case of HDG, Ra < 3.344 m in the case of HDG+C, and Ra > 2.928 μm in the case of ZP. The conclusions drawn from this study introduce new directions of research.






Keywords:


galvanizing; quality; surface roughness; dimensional accuracy; turning; S235J0












1. Introduction


For machined components, the surface quality and the parts’ precision are crucial factors that influence the product’s overall performance. Galvanizing is a common method for preventing the corrosion of steel components. Yet, it can also have an impact on the part’s accuracy and the surface quality of machined components. The current understanding of the impact of galvanizing on the surface quality and component accuracy of S235J0 alloy machined by turning is summarized in this section.



By having them hot dipped in zinc, steel components may be successfully shielded from corrosion, which can lower their durability and sustainability. The authors of [1] offered a cutting-edge examination of the “liquid-metal-aided cracking” of precast structural steel components in hot zinc baths and makes suggestions for a quantitative evaluation approach to prevent this cracking.



When iron or steel is hot dip galvanized, a multilayer, corrosion-resistant covering of metallic zinc and zinc–iron alloy is produced [2,3]. As the steel is immersed in the metal, a metallurgical reaction takes place between iron in the steel and molten zinc [4,5]. The coating forms perpendicular to all the surfaces because of the reaction’s diffusion process, giving the part a uniform thickness [2]. Surface preparation by the hot dip galvanizing process strives to give the cleanest steel surface possible by removing all oxides and other contaminating residues [6]. As impure steel will not react with zinc, meticulous surface preparation is essential [7].



Steel is initially immersed in a degreasing bath, such as a caustic alkaline solution, to remove organic impurities such as dirt, oil, and grease from its surface. After degreasing, the steel is washed with water [8,9].



The remaining oxides and mill scale are removed by pickling the steel in a mild solution of sulfuric or hydrochloric acid [10]. Once all the oxides have been removed from the steel, it is washed with water once again before proceeding to the last stage of surface preparation [11].



After that, flux is poured over the steel. Flux is used to clear the steel of any oxidation left over from the pickling procedure and to provide a barrier to halt oxidation before the steel enters the galvanizing kettle [12]. One sort of flux is stored in a separate tank, has a moderately acidic composition made up of a combination of zinc chloride and ammonium chloride, and is slightly alkaline [13,14]. The top flux, a distinct type of flux, performs the same function in the galvanizing kettle by floating on top of the liquid zinc [15].



After degreasing, pickling, and pickling again, the steel’s surface is almost white metal, spotless, and devoid of any oxides or other impurities that may interfere with the reaction of molten iron and zinc in the galvanizing kettle [16,17]. After being completely cleaned, the steel is ready to be put in the zinc bath [18].



After being cleaned with alkaline, the surface activity of hot dip galvanized steel was measured in [2] by exposing the cleaned samples to wet supercritical carbon dioxide, followed by the extraction and measurement of the resulting corrosion products. Several free alkalinities in the cleaning bath were explored to find out more about how the surface activity of zinc changed at different levels of surface attack. Corroded galvanized steel exhibits restricted and localized surface reactivity, with intermetallic particles and grain boundaries making a substantial contribution.



Uncleaned samples only produced zinc corrosion products in and around these locations. Measuring zinc reactivity might be difficult when one is developing an industrial cleaning sequence for galvanized steel. By carefully exposing clean samples to wet supercritical carbon dioxide, and then measuring the quantity of oxidized zinc, clean samples may be quickly tested for their reactivity to zinc.



An overview of several innovations and tried-and-true best practices in flow chemistry and flow process management is given in [3].



Due to their numerous uses, more than 45 million tons of galvanized steel sheets were sold globally in 2018. For surfaces rich in zinc, many industrially used adhesives, chemical conversions, and passivation layers have been developed. Hot dip galvanized coatings are often used in the construction of vehicle bodywork because, following the phosphating process, they offer excellent corrosion protection, and the vehicles can then be painted [19].



Adhesion can rise at low Zn coverage levels, but it significantly reduces at high Zn coverage levels, according to [20], which investigated the effect of Zn on interface stability and adhesion.



The topics in [21,22] and [23,24] dealt with the chemical make-up and toxicity of hydro-chloric acid pickling sludge generated by the hot dip galvanized steel industry. The authors of [25,26] investigated how well hot dip galvanized steel coated with modified hexagonal boron nitride nanosheets doped with acrylic acid resisted corrosion.



In two additional studies on this topic by the authors of [25,26,27] and [28,29,30], Al2O3/SiO2 nanocomposite coatings on hot dip galvanized steel deposited by chemical immersion and sol-gel coating were examined for their oxidation resistance and the effect of aluminum concentration on the formation of an inhibition layer during hot dip galvanizing.



For this research, the authors of [31] examined the impact of galvanizing on the turning-machined surface quality of S235JR steel. The investigation discovered that the surface roughness of the machined components was dramatically enhanced by galvanizing. According to the authors, the development of a substantial zinc layer on the component’s surface was what caused the rise in roughness.



In research published in [32], the authors looked at how galvanizing affected the precision with which S235JR steel components were turned. The investigation discovered that the dimensional correctness of the machined components was significantly impacted by galvanizing. According to the authors, this impact was brought on by the components developing a thick zinc coating, which changed the machining conditions and caused dimensional inaccuracies.



The effect of galvanizing on the surface roughness and part accuracy of S235J0 steel components machined by turning was examined in different research in [33]. According to the study, galvanizing drastically decreased the part accuracy of the machined components and increased their surface roughness. According to the authors, this impact arose from a thick zinc coating that built up on the surface of the components, changing the machining conditions and leading to surface flaws and dimensional errors.



In conclusion, the turning of S235J0 alloy can considerably affect the surface quality and component accuracy via the galvanizing process. Surface flaws, increased surface roughness, and dimensional mistakes come from the creation of a thick zinc coating during galvanizing, which affects the machining conditions. The impact of galvanizing on the surface quality and part accuracy of machined components must, thus, be considered during the design and production processes.



The fundamental objective of the work involves determining the economic roughness of the galvanized surface. The following specific objectives are defined to achieve the desired goal:




	
Study the influence of surface roughness processed by turning on the quality of the surface obtained by galvanizing.



	
Study the influence of galvanizing technology on the dimensional accuracy of the landmarks.



	
Track the thickness and quality of the zinc layer through the prism of its resistance to corrosion depending on the galvanizing technology.








The need for research emerges from the perspective of increasing productivity and decreasing the amount of energy used during surface chipping in the context of preparing these surfaces for galvanizing.



The novel and original contributions of this scientific work are constituted by the following elements:




	
We provide a new way to approach the research by analyzing the galvanizing technologies available on the market in the context of their use in the industry.



	
The experimental data are interpreted using many criteria from the point of view of the size of the part after galvanizing, the quality of the surface, and the corrosion resistance of each studied surface.



	
We consider the possibility to anticipate the roughness obtained after galvanizing.









2. Research Methodology


A batch of 9 parts was made by turning using 9 bars of diameter 25 mm made from the material S235J0.



S235J0 was chosen for this study because of its widespread use in many industries, outstanding mechanical qualities, and relatively inexpensive cost. Galvanizing has an impact on surface quality and precision turned parts. To achieve an optimum performance and longevity, it is crucial to comprehend how the galvanizing process influences the accuracy and surface quality of items created from this material. S235J0 is an appropriate candidate for this study, since it is a typical carbon steel that can be easily machined using conventional machining methods.



After turning, we marked 5 sections on each part with a length of 25 mm and a diameter of 22 mm. The cutting parameters were defined based on a full factorial experiment and assume feed variation.



Since it enables a systematic and thorough investigation of each factor’s impact on the response variable, in the case of surface roughness, a full factorial design with combinations of cutting parameters was used for the study. It is feasible to determine the most important variables and how they interact by trying every combination of cutting parameters. In comparison to other experimental designs, the adoption of a full factorial design also offers a higher level of statistical power and precision. A full factorial design can help to clarify the impacts of the cutting parameters of speed and feed rate, which are commonly acknowledged as the most significant elements determining surface roughness in machining.



The variation in this parameter define the roughness of the machined surface (Table 1).



Figure 1 shows a part processed by turning.



The samples were processed using the CNC lathe, HAAS TL-2, with the cutting tool being a lathe knife with the following characteristics:




	
Lathe body: PVJBR2020K11 (Walter) (ISO 2936-2).



	
Cutting insert: VBMT110308-FP6, WPP20S (Walter Tiger tec).








The HAAS TL-2 CNC lathe is a well-known and commonly used machine tool in the machining industry. It is appropriate for this investigation because of its high level of precision and accuracy. For machining cylindrical components, the use of a lathe knife as the cutting tool is frequently used since it offers an excellent surface quality and dimensional precision. Additionally, utilizing a lathe knife makes it simpler to regulate and alter the cutting parameters, which is crucial for this study because it aims to examine how the cutting parameters affect the precision and quality of the machined components’ surfaces.



The cutting insert utilized in the investigation was VBMT110308-FP6, WPP20S. This insert is a carbide cutting tool that is frequently used in turning activities.



The cutting insert VBMT110308-FP6, WPP20S is a triangular-shaped insert used for turning operations. The geometry of the insert is as follows:



VBMT: ISO code for triangular insert



	
Length of the insert: 11 mm;



	
Width of the insert: 3 mm;



	
Thickness of the insert: 8 mm;



	
Chip breaker code: FP6;



	
Coating type: WPP20S.






The angles of the insert are as follows:




	
Rake angle (γ): 0°;



	
Clearance angle (α): 7°;



	
Cutting angle (β): 80°.








The coating type, WPP20S, is a multilayer coating that provides high wear resistance and heat resistance. The chip breaker code, FP6, is a standard chip breaker for finishing and medium-level machining operations.



The reason for choosing this cutting insert is that it is commonly used in industrial applications for finishing and medium-level machining operations on steel materials. Its geometry and angles make it suitable for producing a good surface finish and minimizing tool wear, which are important in the study of the influence of galvanizing on the surface quality and part precision machined by turning. Additionally, the multilayer coating provides high wear resistance, which is necessary when machining materials such as steel that can cause tool wear.



Of the 9 samples processed by turning, they will be used for the study of galvanizing technologies as follows:




	
Three test pieces—for hot dip galvanizing and centrifugation (Figure 2);



	
Three test pieces—hot dip galvanizing only with immersion (Figure 3);



	
Three test pieces—for galvanic galvanizing (Figure 4).








In Table 2, the working method is presented schematically.



According to Montgomery’s 3 principles, the procedure for repeating experiments to determine the constancy of measurements, involves repeating the experiment 3 ÷ 7 times for each set of values of the input parameters. In the present research, considering that 3 galvanizing technologies are addressed, each experiment was repeated 3 times.



The characteristics of the baths in which thermal galvanizing was carried out are:




	
Degreasing and washing in an alkaline solution. The solution used was Ferro clean 7135/1.




	○

	
Features of the washroom:




	▪

	
Temperature: 50 °C;




	▪

	
PH: 6.1;




	▪

	
Bubbling with compressed air.










	○

	
Holding time: 15 min.









	
Water rinse.




	○

	
Holding time: 10 min; compressed air bubbling.









	
Pickling. It was carried out in a hydrochloric acid bath.




	○

	
Pickling bath characteristics:




	▪

	
Temperature: 25 °C;




	▪

	
Bath concentration: 29%.










	○

	
Holding time: 20 min.









	
Water rinse.




	○

	
Holding time: 10 min; compressed air bubbling.









	
Fluxing (preparation of the galvanizing surface and anti-corrosion protection during the drying of the part) was carried out in the basin by immersion. The solution used is based on zinc chloride (Zinc chloride (ZnCl2)).




	○

	
Bathroom features:




	▪

	
Temperature: 45 °C;




	▪

	
PH: 4.0;




	▪

	
No bubbling.










	○

	
Holding time: 5 min.









	
Drying was carried out in a closed heated enclosure with indoor air recirculation.




	○

	
Characteristics of the dryer:




	▪

	
Temperature: 80 °C;




	▪

	
Air recirculation.










	○

	
Holding time: 40 min.









	
Immersion in molten zinc.



	
Galvanized pool temperature: 550 °C for hot dip galvanized parts only.




	○

	
Temperature of the galvanizing pool: 600 °C for hot dip galvanized parts with centrifugation;




	○

	
Holding time: 5 min.









	
Centrifugation was used for hot dip galvanized samples with immersion and centrifugation.



	
Passivation and oxidation were achieved in a water bath by immersion. Holding time: about 1–2 min.








The technological flows specific to each galvanizing technology are summarized in Figure 5, Figure 6 and Figure 7.



The characteristics of the baths in which the electrolytic treatment was carried out are presented below:




	
Degreasing and washing in an alkaline solution. The solution used was made from AK16 + RV111 compounds.




	○

	
Temperature: 60 °C;




	○

	
Bubbling with compressed air;




	○

	
Holding time: 10 min.









	
Washing in the basin with water and bubbling with compressed air.




	○

	
Temperature: 20 °C;




	○

	
Holding time: 0.5 min.









	
Pickling was carried out in a hydrochloric acid (HCl) + BEF30 bath.




	○

	
Temperature: 25 °C;




	○

	
Holding time: 5 min.









	
Electrolytic and anodic degreasing were used (anodic cleaning). The solution used was made of E1-DEG.




	○

	
Temperature: 25 °C;




	○

	
Holding time: 4 min.









	
Zinc plating was carried out in an alkaline solution made with Slotonit OT.




	○

	
Maintenance time: 30 min;




	○

	
Temperature: 20–25 °C;




	○

	
pH: 5–5.5;




	○

	
Current intensity: 1.5–2 A;




	○

	
Current voltage: 100 V.









	
Passivation was carried out in a solution made with Slatopas Z20Blue and nitric acid.




	○

	
Holding time: 1 min;




	○

	
Temperature: 20–25 °C;




	○

	
pH: 1.7–2.









	
The drying chamber had a controlled environment.




	○

	
The temperature has circulated: 50 °C;




	○

	
Maintenance time: 10 min.















3. Performing Measurements


Longitudinal roughness measurements were taken using Mitutoyo SURFTEST SJ-210 after the key stages of the technology of obtaining a galvanized part. Thus, the roughness was measured after each of the following operations: turning, pickling, and galvanizing.



The decision to take roughness measurements longitudinally instead of transversely on the samples was based on several factors. Firstly, the longitudinal direction of the sample is typically the direction in which it is subjected to the greatest stresses during use.



Additionally, it is more practical to make roughness measurements longitudinally on these samples because this direction aligns with the direction of the cutting tool used in the turning process. This ensures that the measurements are more accurate and consistent. In contrast, measuring the roughness in the transverse direction would require repositioning the sample, which could introduce errors and variability into the measurements.



Overall, while it would be ideal to measure roughness in both longitudinal and transverse directions, the decision to focus on the longitudinal direction was made to ensure accurate and practical results that are relevant to the performance of the steel in the analyzed applications.



Given that the part utilized in the experiment has a cylindrical shape, it was only feasible to measure the roughness after cylinder generation using the selected surf tester. When it comes to turning, the roughness measured after cylinder generation is invariably greater than the one measured in the transverse direction after the generation of the cylinder.



Table 3 shows the technical data of the surface tester.



Display resolution: 0.001 µm. The resolution of the display, which is the smallest unit the device can measure and display, is specified by this option. To record even the smallest changes in the surface profile, a high resolution is preferred.



Measurement units: mm. The surface roughness data’s unit of measurement is determined by this parameter. As millimeters (mm) are a widely used unit of length measurement in industrial and technical applications, it is the reason why it was chosen.



Measurement standard: ISO 4287:1997. The international standard that is used to set the measurement parameters for surface roughness is specified by this parameter. By using a standardized measuring technique, one can guarantee that the findings will be the same for all gadgets and programs.



Sampling length: λc = 0.8 mm. The length of the profile that is utilized to calculate the surface roughness characteristics is determined by this parameter. The measurement material’s surface roughness characteristics are the reason what led to the choice of 0.8 mm.



Number of cut-offs: N = 5. The number of wavelength bands that are employed to remove the high-frequency components of the surface profile is specified by this parameter. To correctly collect surface roughness data while removing noise, five cut-offs are often employed.



Evaluation length: 4 mm. The length of the surface profile that is utilized to determine the surface roughness characteristics is specified by this parameter. The measurement of the material’s surface roughness influenced the decision to use a value of 4 mm.



Measuring speed: 0.5 mm/s. The device’s motion along the surface of the material being measured is specified by this parameter. The material’s surface roughness characteristics and the desired level of measurement accuracy influenced the decision to use a value of 0.5 mm/s. By reducing the effects of vibration and noise, a slower measuring speed can improve the accuracy of the surface roughness measurement.



The determination of diameters and cylindricity was performed using the 3D Absolute Arm RA-7312 measuring arm. The measurement of each part section was made by direct palpation of the surface at 24 points. Based on the palpated points, we determined the diameter of the section and the deviation from its cylindricity. During the measurements, the measuring arm was equipped with a ruby probe with a diameter of 6 mm. Figure 8 shows the technological measuring assembly composed of a rigid table on which the MEASURING ARMS RA-7312 is fixed to the device used for fixing the measuring sample. The gage clamp in this case is a 3-pin universal one.



In Table 4, we present the specifications of the RA-7312 measuring arm.



To check the corrosion resistance, the samples were subjected to the salt spray corrosion test. The test is standardized according to ISO 9227:2017 (corrosion tests in artificial atmospheres—salt spray tests). The equipment used was a salt spray cabinet SF/450/CASS manufactured by C&W Specialist Equipment located in Mississauga, Ontario, Canada (Figure 9).



Characteristics of the corrosive environment:




	
Temperature: 35 °C;



	
Concentration of saline solution: 50 gr/L;



	
Salt used: NaCl;



	
Flow of saline solution: 1.5 mL/h.









4. Processing and Interpretation of Experimental Data


Nine samples were processed in the first phase by turning. Later, they were stripped and galvanized according to the galvanizing technologies presented previously (Figure 10).



Table 5 shows the Ra roughness measurements, as follows:




	
S1, S2, and S3—hot dip galvanized only;



	
S4, S5, and S6—hot dip galvanized with immersion and centrifugation;



	
S7, S8, and S9—galvanized.








The experimental data related to the surface roughness of the 9 samples, depending on the feed obtained after turning, are centralized in Table 5.



Standard uncertainties were combined using the root-sum-square (RSS) method to obtain an estimate of the overall measurement uncertainty:   u   Ra   =    Σ u      Ra    2    = 1.584    µ m   .



Therefore, the results are expressed as Ra values with an associated uncertainty: Ra = 2.5 ± 1.6 µm (where 2.5 is the mean Ra value and 1.6 is the estimated measurement uncertainty).



Figure 11 shows the histograms of the data obtained after turning the 5 cutting parameters, in which the variable parameter is the feed.



Next, using the scatter plot procedure, we compared the data in 5 rows in Figure 12.



Next, the F-test in the ANOVA table was used to determine whether there were any means that differ significantly from one another (Table 6).



The table shows the results of ANOVA analysis with two sources of variation: between groups and within groups. The analysis aimed to determine if there were statistically significant differences between the means of five groups.



The “Sum of Squares” column shows the amount of variability that can be attributed to each source of variation. The “Df” column represents the degrees of freedom, which is the number of observations minus the number of parameters estimated.



The “Mean Square” column is obtained by dividing the sum of squares by the degrees of freedom. The “F-Ratio” column represents the test statistic obtained by dividing the mean square of the between groups data by the mean square of the within groups data. The “p-value” column represents the probability of obtaining a test statistic as extreme or more extreme than the one observed, assuming that the null hypothesis is true.



In this case, the F-Ratio is very high (2528.06) and the p-value is very low (0.0000), indicating strong evidence against the null hypothesis. Therefore, we can conclude that there are statistically significant differences between at least two of the five groups.



As there is just one source of variation considered in the ANOVA analysis in this case—the differences between groups—it is not needed to calculate and provide the % contribution rates. When there are several sources of variation, the percentage contribution rates are often used to demonstrate the relative importance of each source of variation. Calculating the percent contribution rates is not essential in this situation, since the sole source of variance is the between groups element.



We examined the Multiple Range Tests to identify which means are significantly different from which others (Table 7).



To identify which means are significantly different from which others, this table uses a multiple comparison approach. The estimated difference between each pair of means is displayed in the bottom half of the output. Ten pairs have an asterisk next to them, signifying that there are statistically significant differences between them at a 95.0% confidence level. Columns of Xs are used to identify 5 homogenous groups. The levels with Xs establish a set of means within each column that do not differ significantly from one another. Fisher’s least significant difference (LSD) process is the approach that was utilized to distinguish between the means. When we were this approach, there was a 5.0% chance that each pair of means would be labeled as substantially different when the real difference was 0.



At an intermediate stage of the hot dip galvanizing process, the surface quality was also examined. As a result, information about pickling was produced. Since electrolytic galvanizing is an automatic process that cannot be interfered with, this intermediate measurement was not possible.



Table 8 displays the measured roughness’s as a function of feed following pickling.



Figure 13 and Figure 14 shows the histograms and scatter plot obtained after processing measured data after the pickling process.



To facilitate the interpretation of the obtained data, Table 9 presents the means with 95.0 percent LSD intervals.



The means for each column of data are displayed in this table. Additionally, it displays the standard error of each mean, a measurement of sample variability. The pooled standard deviation is divided by the square root of the total number of observations at each level to produce the standard error. The table also shows the range surrounding each mean. The Fisher’s least significant difference (LSD) approach served as the foundation for the intervals currently provided. They are designed so that if two means are equal, their intervals will almost always coincide (95.0%). The means plot displays graphical intervals (Figure 15).



The statistics shown in Table 10 were used to examine whether the standard deviations within each of the five columns were the same, which is the null hypothesis. The P-value is of special significance here. At the 95.0% confidence level, there is no statistically significant difference in the standard deviations because the P-value is larger than or equal to 0.05. The standard deviations for each pair of samples are also different in the table. A statistically significant difference between the two sigmas at the 5% significance level is shown by a p-value below 0.05, which is zero here.



The surface roughness measurements for each of the three galvanizing procedures discussed in this work are shown in Table 11 as a function of the advance variation.



To estimate the measurement uncertainty for the data in the table, we calculated the standard deviation of each set of measurements, and then used the formula for the standard uncertainty of the mean:    u    =  s   n     , where u is the standard uncertainty of the mean, s is the standard deviation, and n is the number of measurements:


   s    =         1.188 − 1.379    2  +   ( 1.448 − 1.907 )  2  +     1.502 − 0.435    2         3    = 0.808    µ m   











Then, we calculated the standard uncertainty of the mean:    u  =  0.808   3    = 0.467   µ m  .



We repeated this process for each set of measurements and obtained the following standard uncertainties:



HDG—Ra:



f1: 0.467 µm;



f2: 0.408 µm;



f3: 0.049 µm;



f4: 0.153 µm;



f5: 0.105 µm.



HDG+C—Ra:



f1: 0.562 µm;



f2: 0.268 µm;



f3: 0.071 µm;



f4: 0.157 µm;



f5: 0.110 µm.



ZE—Ra:



f1: 0.005 µm;



f2: 0.051 µm;



f3: 0.021 µm;



f4: 0.087 µm;



f5: 0.136 µm.



These numbers indicate the average measurement uncertainty for each set of measurements, and they may be used to calculate the measurement uncertainty. To conduct a thorough assessment of the measurement uncertainty, additional sources of uncertainty including operator bias and instrument uncertainty also had to be considered.



For example, to estimate the standard uncertainty of the mean for the HDG Ra measurements at a feed rate of f1 = 0.14 mm/rot, we calculated the standard deviation of the three measurements:



Table 12 shows the diameters and deviations from cylindricity measured for each section by direct probing with the 3D measuring arm.



To estimate the measurement uncertainty for the given data, we first identified the sources of uncertainty. The main sources of uncertainty were:




	
Repeatability of the measuring arm;



	
Calibration uncertainty of the measuring arm;



	
Operator influence;



	
Environmental factors (such as temperature, vibration, etc.).








We estimated the overall measurement uncertainty by combining the uncertainties from each of these sources using the square root sum (RSS) method.



Assuming that the repeatability uncertainty and the calibration uncertainty of the measuring arm were negligible, we estimated the measurement uncertainty using the following formula:    u  =  k  ·    Δ L     L   .



where u is the measurement uncertainty, k is the coverage factor (usually 2 for 95% confidence), ΔL is the measurement interval, and L is the number of measurements.



Therefore, the estimated measurement uncertainties for each parameter were:



Turning:



Diameter: 0.005 mm;



Cylindricity: 0.002 mm.



Galvanizing:



Diameter: 0.008 mm;



Cylindricity: 0.004 mm;



Increase in diameter after galvanizing: 0.008 mm.



The variation in the turned surface after galvanizing is shown in Table 13.



By analyzing the profilograms in the case of the roughness of the first 2 samples, it was found that zinc completely covers the profile as a result of turning, and a different profile was formed. In contrast, at roughness values of 4 and 5, the roughness profile of the zinc layer is influenced by the roughness of the initial surface. Marks left by the chipping tool were also identified after galvanizing. It can be seen on the profilograms that zinc completely or partially covers the voids and the roughness protrusions. The protrusions of the profile are rounded and became more robust.



In Table 14, the evolution of the samples according to the galvanizing technology is graphically presented in terms of their resistance to corrosion classified according to the time intervals.



When they were galvanized by immersion, in the case of surfaces with high Ra values, zinc remains in the traces left by the tool. In this context, a thicker protective layer is formed that will better resist corrosion, but the zinc consumption is higher.



After carrying out the corrosion test in salt fog, which assumed a duration of 240 h, it was found that at the beginning, the appearances of the parts were very different, in the sense that the technology with which the galvanizing was carried out could be differentiated. After 240 h of exposure to salt fog, the appearance of the parts became uniform, and the zinc layer was affected, but no rust appeared.



In the case of electrolytic galvanizing, the commercial appearance of salt spray exposure began to disappear after 96 h.




5. Results


By analyzing the data from Table 14 and the representation of these data in Figure 16, a variation in the roughness of the turned surface after galvanizing was found in the case of galvanizing.



Surfaces with low roughness undergo changes because of thermal galvanizing, in the sense that their roughness increases. Conversely, surfaces with a more initial roughness will have a less roughness after galvanizing.



In the case of electrolytic galvanizing for surfaces with roughness Ra = (0.68–2.49) obtained by turning, after galvanizing, their roughness values decreased significantly. In the case of roughness values of 3.64–5.72 obtained after turning, they were accentuated after electrolytic galvanizing.



To determine the optimal roughness in the case of each galvanizing technology, at which the turning costs will be the lowest, the quality of the galvanized surface was as high as possible, and roughness variation Equations (1)–(4) were determined.



Optimal roughness values for each galvanizing technology were obtained using the same equation of the variation in the roughness of the turned surface after galvanizing (Figure 17). This evolution is presented graphically in Figure 18a–c and was based on Equations (5)–(7).



The R-Squared statistic indicates that the model as fitted explains:




	
A total of 99.28% of the variability in HDG—Ra (µm).



	
A total of 98.71% of the variability in HDGC—Ra (µm).



	
A total of 97.55% of the variability in ZE—Ra (µm).



	
A total of 99.51% of the variability during turning—Ra (µm).








Equations of surface roughness variation depend on the technology used:


    Ra   HDG   =   0.542103 + 80.9758 ·   Feed  2     



(1)






    Ra   HDGC   =   1.73829 + 69.3157 ·   Feed  2     



(2)






    Ra   ZE   =   − 4.60897 + 120.084 ·   Feed  2     



(3)






    Ra   turning   =   − 2.24847 + 98.5829 ·   Feed  2     



(4)







The equations for determining the optimal roughness values are as follows:



For HDG galvanizing technology:


          Ra   turning   =   − 2.24847 + 98.5829 ·   Feed  2            Ra   HDG   =   0.542103 + 80.9758 ·   Feed  2           



(5)







For HDGC galvanizing technology:


          Ra   turning   =   − 2.24847 + 98.5829 ·   Feed  2            Ra   HDGC   =   1.73829 + 69.3157 ·   Feed  2           



(6)







For ZE galvanizing technology:


          Ra   turning   =   − 2.24847 + 98.5829 ·   Feed  2            Ra   ZE   =   − 4.60897 + 120.084 ·   Feed  2           



(7)







After solving the equations, common punches (optimal Ra) were obtained:



HDG: Ra = 3.657 µm;



HDGC: Ra = 3.344 µm;



ZE: Ra = 2.928 µm.



Based on the measurements of roughness and diameters after the pickling stage, which is considered to be an intermediate stage of galvanizing, destruction of the quality of the turned surface was found, which can be seen in Figure 19; however, after the deposition of the zinc layer, this roughness decreases.



To expand the study and explain the phenomenon observed and presented in Figure 16 and Figure 18 regarding the changes in the roughness values of the turned surface after galvanizing, microscopic analyses of the surface of the galvanized parts and of the section of the zinc layer were carried out.



For the data represented in Figure 16, standard derivations were calculated, and these values were plotted on a graph. The same was performed for the graph in Figure 19.



Figure 20 shows the surfaces of sections 1 with Ra = 0.435 μm (f1 = 0.14 mm/rot) and 5 with Ra = 6.323 μm (f5 = 0.6 mm/rot) of a samples used in the study before galvanizing.



Table 15 shows the surface of the sample and the structure of the deposited zinc layer depending on the initial roughness obtained by chipping and the galvanizing technology applied. Sections 1 and 5 are shown in Table 15 because they underwent significant changes in roughness following galvanization. In the case of Section 1 with Ra = 0.435 μm, processed with the feed f1 = 0.14 mm/rot, after galvanizing, it was found that the initial roughness increased and the quality of the surface deteriorated. In the case of Section 5, with Ra = 6.323 μm processed with advance f5 = 0.6 mm/rot, a decrease in the roughness value after galvanizing was observed.



The increase in roughness after galvanizing the turned surfaces with Ra = 0.435 μm (f1 = 0.14 mm/rot) according to Table 15 is due to the texture of the zinc layer after its recrystallization on the steel surface.



The compact zinc layer follows the profile of the steel surface. In the case of roughness Ra = 0.435 μm of the steel piece, zinc completely covers the profile due to turning. In this case, after galvanizing, roughness is influenced only by zinc recrystallization.



In the case of roughness Ra = 6.323 μm (f5 = 0.6 mm/rot), the traces left by the lathe knife can be distinguished on the surface of the piece. In the case of hot dip galvanizing, these voids are partially filled by the zinc layer. In dip galvanizing only, the profile left by the lathe knife is almost filled with zinc.



In the case of galvanic galvanizing or immersion + centrifugation, the tool mark is only partially filled with zinc. Filling the lathe knife trace with zinc results in decreased surface roughness after galvanizing. This aspect can also be observed on the profilograms in Table 13.



In this case, (Ra = 6.323 μm) after galvanizing, roughness is influenced both by the texture of the recrystallized zinc layer and by the macrostructure of the surface obtained after turning.



According to the data in Table 13, depending on the galvanizing technology, the diameter of the parts increased. From the measured values of the initial turned diameter and the one after galvanizing, it was possible to determine the value by which the diameter of the parts changes depending on the galvanizing technology. These data can be used to determine the elevation at which turning is performed to obtain the final elevation of the galvanized piece.




6. Discussion


After determining the variation curves of the roughness of the galvanized surface



	
depending on the quality of the surface before galvanizing and



	
depending on the galvanizing technology used,






optimal ranges of the pre-processing parts were determined. This optimal roughness is related to the realization of superior qualities of the galvanized piece (Figure 18a–c).



As a result of the conducted experiment, it was found that it is useful to avoid processing the surfaces before galvanizing to improve the roughness:




	
Ra < 3.657 μm—in the case of HDG;



	
Ra < 3.344 μm—in the case of HDG+C;



	
Ra > 2.928 μm—in the case of ZP (because after the deposition of the zinc layer by electrolysis, the roughness of the surfaces decreases).








Avoiding small roughness values leads to the use of low feeds, which leads to savings in the machining phases.



From the point of view of dimensions and dimensional accuracy, it appears that:




	
To obtain a given dimension after galvanizing, the parts, depending on the galvanizing technology, will be turned with smaller dimensions with:




	
0.16 mm/diameter (0.08 mm/radius) in the case of HDG;



	
0.09 mm/diameter (0.047 mm/radius) in the case of HDG+C;



	
0.03 mm/diameter (0.014 mm/radius) in the case of ZP.








	
From the point of view of dimensional accuracy, it was found that it decreases after galvanizing. The changes in the tolerance field depending on the galvanizing technology are:




	
+0.01 mm in the case of HDG;



	
+0.001 mm in the case of HDG+C;



	
+0.01 mm in the case of ZP.













From the point of view of corrosion, after carrying out a corrosion test with salt fog with a duration of 240 h, it could be observed that:




	
Degradation of the zinc layer appears, as expected;



	
Rust does not appear, the steel part is protected from corrosion regardless of the galvanizing technology;



	
The degradation of the zinc layer is more advanced in the case of sections with less roughness. Zinc plating on the surfaces of sections with Ra = 0.68–2.49 shows a more pronounced degradation compared to that of the sections with roughness Ra = 3.64–5.72.








The results that were obtained were addressed from the perspective of the process’ physics. The optimal roughness values and optimal roughness ranges were obtained by analyzing the variation curves of the roughness of the galvanized surface in terms of the quality of the surface prior to galvanizing and the galvanizing process employed. These ideal roughness values are connected to the attainment of the galvanized piece’s exceptional attributes. To isolate its impact on the outcomes, the study was conducted at a single cutting speed.



Depending on the galvanizing technology used, it was discovered that the components need to be converted to smaller dimensions to ensure dimensional accuracy. After galvanizing, it was discovered that the dimensional accuracy decreases due to changes in the tolerance field.



From the standpoint of corrosion, it was noted that the steel component is protected against corrosion, regardless of the galvanizing process utilized, and rust does not emerge. Nevertheless, in parts with less roughness, the zinc layer’s deterioration is more progressed.



Overall, the collected data were carefully examined and offer important, new information on how galvanizing affects the quality of the surface and precision-turned parts.




7. Conclusions


In conclusion, this research aimed to determine the ideal economic roughness of galvanized surfaces by analyzing the impact of turning surface roughness on the quality of galvanizing, as well as the thickness of the zinc layer and its corrosion resistance.



The research reveals that while the steel components are protected from corrosion and minimizing small roughness values results in cost savings throughout the machining stages, the zinc layer’s deterioration is more advanced in areas with reduced roughness.



Optimal roughness ranges for each galvanizing process were established, and it was found that after galvanizing, the parts’ dimensions were smaller, and their dimensional accuracy decreased.



The results show how versatile our technique is since the optimal roughness ranges may be used with many types of materials and technologies.



Our method’s originality is in the identification of optimum roughness ranges, which can result in cost savings and improved galvanizing process efficiency.



The practical implications of this study and its capacity to offer novel insights into how galvanizing influences the quality of the surface and precision-turned parts constitute its scientific contribution.



Our technique does, however, have some drawbacks, such as the fact that the analysis was only conducted at one cutting speed.



Future studies may look at the impact of varied cutting speeds on the best roughness ranges. In conclusion, this study introduces new research directions and provides valuable insights for enhancing the effectiveness and quality of the galvanizing process.
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Figure 1. Processed parts. 






Figure 1. Processed parts.
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Figure 2. Hot dip galvanized parts with centrifugation. 
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Figure 3. Hot dip galvanized parts not immersed. 
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Figure 4. Galvanic galvanized parts. 
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Figure 5. The technological flow specific to hot dip galvanizing and centrifugation. 
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Figure 6. Specific technological flow of hot dip galvanizing with priming only. 
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Figure 7. Specific technological flow of galvanic galvanizing. 
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Figure 8. The technological assembly for measuring the parts. 
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Figure 9. Salt spray cabinet SF/450/CASS and the parts during the corrosion test. 
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Figure 10. Diagrams for the experiment, measurements, and analysis of the experimental data. 
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Figure 11. Histogram of the data measured after machining by turning. 
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Figure 12. Scatter plot of the measurements of Ra after turning on the sample sections. 
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Figure 13. Histograms of Ra measurements after pickling. 
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Figure 14. Scatter plot of the Ra measurements after pickling on the sample sections. 
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Figure 15. Ra means plot of the surface after hot flux. 
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Figure 16. The variation in the surface quality depends on the technology used. 
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Figure 17. Plot of fitted model for the Ra variation according to the turning technology. 
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Figure 18. (a) Determining the optimal roughness before hot dip galvanizing + centrifuging (HDG+C). (b) Determining the optimal roughness before hot dip galvanizing (HDG). (c) Determining the optimal roughness before zinc plating (ZP). 
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Figure 19. Variation in the surface roughness Ra according to the phases of the galvanizing technology. 
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Figure 20. Sample surface with Ra = 0.435 μm (f1 = 0.14 mm/rot) and Ra = 6.323 μm (f5 = 0.6 mm/rot), which were obtained after turning. 






Figure 20. Sample surface with Ra = 0.435 μm (f1 = 0.14 mm/rot) and Ra = 6.323 μm (f5 = 0.6 mm/rot), which were obtained after turning.



[image: Coatings 13 00701 g020]







[image: Table] 





Table 1. Combinations of cutting parameters established according to the full factorial experiment.
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Spindle Speed (rpm)

	
Feed (mm/rot)

	
Desired Roughness after Turning Ra (µm)

	
Average Roughness Obtained after Turning Ra (µm)

	
Part Section






	
1800

	
0.14

	
0.8—specific to the finish

	
0.684

	
5




	
0.2

	
1.6—specific to the finish

	
1.512

	
4




	
0.32

	
2.5

	
2.488

	
3




	
0.4

	
3.2—specific to the semifinished

	
3.635

	
2




	
0.6

	
6.3—specific to roughing

	
5.721

	
1
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Table 2. Gantt chart of activities.
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Technologies

	
Sample






	
Turning

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6

	
S7

	
S8

	
S9




	
Control

	
Ra measurement, diameter, diameter tolerance




	
Pickling + flux

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6

	

	

	




	
Control

	
Ra measurement, diameter, diameter tolerance

	

	

	




	
Hot dip galvanizing

	
S1

	
S2

	
S3

	

	

	

	

	

	




	
Hot dip galvanizing and centrifugation

	

	

	

	
S4

	
S5

	
S6

	

	

	




	
Electrolytic galvanizing

	

	

	

	

	

	

	
S7

	
S8

	
S9




	
Control

	
Ra measurement, diameter, diameter tolerance




	
Saline mist test

	
Determination of corrosion resistance.




	
Conclusions regarding

	
Hot dip galvanizing

	
Hot dip galvanizing and centrifugation

	
Electrolytic galvanizing




	
Conclusions

	
Comparison of technologies
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Table 3. Features of the Mitutoyo SURFTEST SJ-210 surf test.
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Mitutoyo SURFTEST SJ-210—Technical Data






	
[image: Coatings 13 00701 i001]




	
Display resolution:

	
0.001 µm




	
Measurement units

	
mm




	
Measurement standard

	
ISO 4287:1997




	
Filter

	
Gauss




	
Sampling Length

	
λc = 0.8 mm




	
Number of Cut-Offs

	
N = 5




	
Evaluation length

	
4 mm




	
Measuring speed

	
0.5 mm/s
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Table 4. RA-7312 measuring arm specifications.
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Measuring range

	
1.2 m/3.9 ft.




	
Point repeatability

	
0.014 mm/0.0006 in.

	
ASME B89.4.22




	
Volumetric accuracy

	
±0.025 mm/0.0010 in.




	
MPEp

	
8 µm

	
ISO 10360-2




	
MPEe

	
5 + L/40 ≤ 18 µm
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Table 5. Centralization of Ra measurements after turning.
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Ra (µm)

	
Standard Uncertainty of the Mean Ra




	
Sample

	
f1

	
f2

	
f3

	
f4

	
f5

	
Mean Ra (µm)

	
Std. dev. (µm)

	
u (Ra) (µm)






	
S1

	
0.571

	
1.511

	
2.632

	
3.649

	
5.893

	
2.451

	
2.054

	
0.919




	
S2

	
0.606

	
1.399

	
2.542

	
3.672

	
5.824

	
2.397

	
2.121

	
0.948




	
S3

	
0.700

	
1.584

	
2.315

	
3.552

	
5.736

	
2.377

	
1.620

	
0.728




	
S4

	
0.722

	
1.435

	
2.562

	
3.740

	
5.425

	
2.577

	
1.568

	
0.713




	
S5

	
0.547

	
1.577

	
2.375

	
3.660

	
5.677

	
2.367

	
1.663

	
0.757




	
S6

	
0.942

	
1.495

	
2.681

	
3.624

	
5.755

	
2.699

	
1.364

	
0.613




	
S7

	
0.669

	
1.569

	
2.388

	
3.591

	
6.005

	
2.644

	
1.602

	
0.718




	
S8

	
0.716

	
1.566

	
2.553

	
3.682

	
5.993

	
2.702

	
1.655

	
0.741




	
S9

	
0.708

	
1.393

	
2.534

	
3.626

	
5.932

	
2.638

	
1.722

	
0.772
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Table 6. ANOVA analysis.






Table 6. ANOVA analysis.













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





	Between groups
	143.7
	4
	35.9249
	2528.06
	0.0000



	Within groups
	0.568418
	40
	0.0142105
	
	



	Total (Corr.)
	144.268
	44
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Table 7. Multiple range tests. Method: 95.0 percent LSD.






Table 7. Multiple range tests. Method: 95.0 percent LSD.











	
	Count
	Mean
	Homogeneous Groups





	f1
	9
	0.686778
	X



	f2
	9
	1.50322
	X



	f3
	9
	2.50911
	X



	f4
	9
	3.644
	X



	f5
	9
	5.80444
	X



	Contrast
	Sig.
	Difference
	+/−Limits



	f1–f2
	*
	−0.816444
	0.113575



	f1–f3
	*
	−1.82233
	0.113575



	f1–f4
	*
	−2.95722
	0.113575



	f1–f5
	*
	−5.11767
	0.113575



	f2–f3
	*
	−1.00589
	0.113575



	f2–f4
	*
	−2.14078
	0.113575



	f2–f5
	*
	−4.30122
	0.113575



	f3–f4
	*
	−1.13489
	0.113575



	f3–f5
	*
	−3.29533
	0.113575



	f4–f5
	*
	−2.16044
	0.113575







* Denotes a statistically significant difference.
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Table 8. Centralization of Ra measurements after pickling.






Table 8. Centralization of Ra measurements after pickling.





	

	
Ra (µm)




	
Sample

	
f1

	
f2

	
f3

	
f4

	
f5






	
S1

	
0.656

	
1.737

	
2.760

	
3.916

	
5.819




	
S2

	
0.962

	
1.826

	
2.758

	
4.223

	
5.673




	
S3

	
1.422

	
1.914

	
3.065

	
3.965

	
5.525




	
S4

	
1.142

	
2.022

	
2.766

	
4.002

	
5.735




	
S5

	
1.099

	
1.839

	
2.575

	
4.301

	
5.531




	
S6

	
1.033

	
1.886

	
3.191

	
4.244

	
6.203
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Table 9. Means with 95.0 percent LSD intervals.






Table 9. Means with 95.0 percent LSD intervals.





	
Stand. Error




	

	
Count

	
Mean

	
(Pooled s)

	
Lower Limit

	
Upper Limit






	
f1

	
6

	
1.05233

	
0.0845487

	
0.929204

	
1.17546




	
f2

	
6

	
1.87067

	
0.0845487

	
1.74754

	
1.9938




	
f3

	
6

	
2.8525

	
0.0845487

	
2.72937

	
2.97563




	
f4

	
6

	
4.1085

	
0.0845487

	
3.98537

	
4.23163




	
f5

	
6

	
5.74767

	
0.0845487

	
5.62454

	
5.8708




	
Total

	
30

	
3.12633
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Table 10. Variance check.






Table 10. Variance check.





	

	
Test

	
p-Value




	
Levene’s

	
0.903509

	
0.4769




	
Comparison

	
Sigma1

	
Sigma2

	
F-Ratio

	
p-Value






	
f1/f2

	
0.249994

	
0.0957907

	
6.81103

	
0.0552




	
f1/f3

	
0.249994

	
0.228785

	
1.194

	
0.8505




	
f1/f4

	
0.249994

	
0.165842

	
2.27233

	
0.3887




	
f1/f5

	
0.249994

	
0.250869

	
0.993034

	
0.9941




	
f2/f3

	
0.0957907

	
0.228785

	
0.175304

	
0.0789




	
f2/f4

	
0.0957907

	
0.165842

	
0.333625

	
0.2535




	
f2/f5

	
0.0957907

	
0.250869

	
0.145798

	
0.0544




	
f3/f4

	
0.228785

	
0.165842

	
1.90313

	
0.4971




	
f3/f5

	
0.228785

	
0.250869

	
0.831688

	
0.8447




	
f4/f5

	
0.165842

	
0.250869

	
0.437011

	
0.3848
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Table 11. Centralization of Ra measurements for each galvanizing technology studied.






Table 11. Centralization of Ra measurements for each galvanizing technology studied.





	

	
HDG—Ra

	
HDG+C—Ra

	
ZE—Ra




	
Feed (mm/rot)

	
S1

	
S2

	
S3

	
Media

	
S4

	
S5

	
S6

	
Media

	
S7

	
S8

	
S9

	
Media






	
f1 = 0.14

	
1.188

	
1.448

	
1.502

	
1.379

	
1.841

	
2.179

	
1.703

	
1.907

	
0.446

	
0.433

	
0.425

	
0.435




	
f2 = 0.2

	
1.847

	
2.092

	
2.214

	
2.051

	
2.236

	
2.867

	
1.948

	
2.350

	
1.255

	
1.299

	
1.161

	
1.238




	
f3 = 0.32

	
2.938

	
2.659

	
2.668

	
2.755

	
2.773

	
2.204

	
3.014

	
2.663

	
1.942

	
1.891

	
1.906

	
1.913




	
f4 = 0.4

	
3.746

	
3.942

	
3.858

	
3.848

	
3.278

	
3.690

	
3.655

	
3.541

	
3.725

	
3.598

	
3.695

	
3.673




	
f5 = 0.6

	
5.388

	
5.610

	
5.277

	
5.425

	
5.435

	
5.201

	
5.003

	
5.213

	
6.455

	
6.289

	
6.227

	
6.323
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Table 12. Centralization of the measured values of the section diameters and deviations from cylindricity on the 9 samples.






Table 12. Centralization of the measured values of the section diameters and deviations from cylindricity on the 9 samples.





	
Part

	
Section

	
Turning

	
Galvanizing

	
Increase in Diameter after Galvanizing




	

	

	
Diameter

	
Cylindricity

	
Diameter

	
Cylindricity

	
Value

	
Average per Process






	
S1

immersion and centrifugation

	
T1

	
22.033

	
0.01

	
22.21

	
0.022

	
0.177

	
0.16




	
T2

	
22.061

	
0.009

	
22.223

	
0.009

	
0.162




	
T3

	
22.081

	
0.01

	
22.233

	
0.01

	
0.152




	
T4

	
22.099

	
0.012

	
22.252

	
0.015

	
0.153




	
T5

	
22.135

	
0.013

	
22.287

	
0.015

	
0.152




	
S2

immersion and centrifugation

	
T1

	
22.033

	
0.008

	
22.178

	
0.057

	
0.145




	
T2

	
22.059

	
0.01

	
22.2

	
0.008

	
0.141




	
T3

	
22.078

	
0.009

	
22.232

	
0.077

	
0.154




	
T4

	
22.098

	
0.01

	
22.243

	
0.013

	
0.145




	
T5

	
22.134

	
0.024

	
22.278

	
0.023

	
0.144




	
S3

immersion and centrifugation

	
T1

	
22.037

	
0.008

	
22.212

	
0.013

	
0.175




	
T2

	
22.067

	
0.009

	
22.236

	
0.022

	
0.169




	
T3

	
22.086

	
0.016

	
22.246

	
0.015

	
0.16




	
T4

	
22.091

	
0.017

	
22.253

	
0.024

	
0.162




	
T5

	
22.14

	
0.012

	
22.292

	
0.014

	
0.152




	
S4

only immersion

	
T1

	
22.03

	
0.007

	
22.117

	
0.006

	
0.087

	
0.09




	
T2

	
22.062

	
0.009

	
22.157

	
0.007

	
0.095




	
T3

	
22.085

	
0.01

	
22.18

	
0.009

	
0.095




	
T4

	
22.099

	
0.016

	
22.191

	
0.009

	
0.092




	
T5

	
22.144

	
0.014

	
22.228

	
0.015

	
0.084




	
S5

only immersion

	
T1

	
22.03

	
0.008

	
22.122

	
0.006

	
0.092




	
T2

	
22.07

	
0.009

	
22.163

	
0.008

	
0.093




	
T3

	
22.077

	
0.009

	
22.168

	
0.013

	
0.091




	
T4

	
22.096

	
0.012

	
22.181

	
0.013

	
0.085




	
T5

	
22.135

	
0.015

	
22.215

	
0.027

	
0.08




	
S6

only immersion

	
T1

	
22.041

	
0.008

	
22.133

	
0.01

	
0.092




	
T2

	
22.063

	
0.007

	
22.161

	
0.014

	
0.098




	
T3

	
22.086

	
0.011

	
22.185

	
0.013

	
0.099




	
T4

	
22.107

	
0.014

	
22.203

	
0.008

	
0.096




	
T5

	
22.146

	
0.015

	
22.236

	
0.018

	
0.09




	
S7

galvanic

	
T1

	
21.999

	
0.007

	
22.048

	
0.022

	
0.049

	
0.03




	
T2

	
22.024

	
0.008

	
22.06

	
0.016

	
0.036




	
T3

	
22.037

	
0.006

	
22.066

	
0.017

	
0.029




	
T4

	
22.062

	
0.012

	
22.085

	
0.019

	
0.023




	
T5

	
22.088

	
0.017

	
22.104

	
0.026

	
0.016




	
S8

galvanic

	
T1

	
22.003

	
0.003

	
22.046

	
0.019

	
0.043




	
T2

	
22.028

	
0.006

	
22.058

	
0.016

	
0.03




	
T3

	
22.041

	
0.005

	
22.07

	
0.012

	
0.029




	
T4

	
22.061

	
0.008

	
22.085

	
0.01

	
0.024




	
T5

	
22.088

	
0.014

	
22.102

	
0.022

	
0.014




	
S9

galvanic

	
T1

	
22.003

	
0.007

	
22.043

	
0.02

	
0.04




	
T2

	
22.025

	
0.005

	
22.058

	
0.014

	
0.033




	
T3

	
22.038

	
0.006

	
22.067

	
0.017

	
0.029




	
T4

	
22.06

	
0.01

	
22.081

	
0.015

	
0.021




	
T5

	
22.083

	
0.013

	
22.1

	
0.022

	
0.017
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Table 13. Variation in the turned surface after galvanizing.






Table 13. Variation in the turned surface after galvanizing.





	
Pt/Galvanizing Technology

	
Feed (mm/rot)

	
Surface after Turning

	
Surface after Galvanizing






	
S2

Dip galvanized

	
f1 = 0.14

	
[image: Coatings 13 00701 i002]

	
[image: Coatings 13 00701 i003]




	
f2 = 0.2

	
[image: Coatings 13 00701 i004]

	
[image: Coatings 13 00701 i005]




	
f3 = 0.32

	
[image: Coatings 13 00701 i006]

	
[image: Coatings 13 00701 i007]




	
f4 = 0.4

	
[image: Coatings 13 00701 i008]

	
[image: Coatings 13 00701 i009]




	
f5 = 0.6

	
[image: Coatings 13 00701 i010]

	
[image: Coatings 13 00701 i011]




	
S5

Galvanized by immersion + centrifugation

	
f1 = 0.14

	
[image: Coatings 13 00701 i012]

	
[image: Coatings 13 00701 i013]




	
f2 = 0.2

	
[image: Coatings 13 00701 i014]

	
[image: Coatings 13 00701 i015]




	
f3 = 0.32

	
[image: Coatings 13 00701 i016]

	
[image: Coatings 13 00701 i017]




	
f4 = 0.4

	
[image: Coatings 13 00701 i018]

	
[image: Coatings 13 00701 i019]




	
f5 = 0.6

	
[image: Coatings 13 00701 i020]

	
[image: Coatings 13 00701 i021]
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Table 14. Corrosion resistance.






Table 14. Corrosion resistance.





	
No. Hours

	
The Technology

	
Part




	
Fixation

	
Section 1

	
Section 2

	
Section 3

	
Section 4

	
Section 5






	
0 h

	
Dip galvanizing

	
[image: Coatings 13 00701 i022]




	
Galvanizing + centrifugation

	
[image: Coatings 13 00701 i023]




	
Electrolytic galvanizing

	
[image: Coatings 13 00701 i024]




	
24 h

	
Dip galvanizing

	
[image: Coatings 13 00701 i025]




	
Galvanizing + centrifugation

	
[image: Coatings 13 00701 i026]




	
Electrolytic galvanizing

	
[image: Coatings 13 00701 i027]




	
96 h

	
Dip galvanizing

	
[image: Coatings 13 00701 i028]




	
Galvanizing + centrifugation

	
[image: Coatings 13 00701 i029]




	
Electrolytic galvanizing

	
[image: Coatings 13 00701 i030]




	
168 h

	
Dip galvanizing

	
[image: Coatings 13 00701 i031]




	
Galvanizing + centrifugation

	
[image: Coatings 13 00701 i032]




	
Electrolytic galvanizing

	
[image: Coatings 13 00701 i033]




	
240 h

	
Dip galvanizing

	
[image: Coatings 13 00701 i034]




	
Galvanizing + centrifugation

	
[image: Coatings 13 00701 i035]




	
Electrolytic galvanizing

	
[image: Coatings 13 00701 i036]
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Table 15. The surface of the sample and the structure of the deposited zinc layer depend on the initial roughness obtained by chipping and the applied galvanizing technology.






Table 15. The surface of the sample and the structure of the deposited zinc layer depend on the initial roughness obtained by chipping and the applied galvanizing technology.





	
Galvanizing Technology

	
Initial Roughness/Advance

Ra (μm)/Feed (mm/rot)

	
The Surface of the Piece

	
Zinc Layer






	
HDG

	
Ra = 0.435 μm

f1 = 0.14 mm/rot

	
[image: Coatings 13 00701 i037]

	
[image: Coatings 13 00701 i038]




	
Ra = 6.323 μm

f5 = 0.6 mm/rot

	
[image: Coatings 13 00701 i039]

	
[image: Coatings 13 00701 i040]




	
HDG+C

	
Ra = 0.435 μm

f1 = 0.14 mm/rot

	
[image: Coatings 13 00701 i041]

	
[image: Coatings 13 00701 i042]




	
Ra = 6.323 μm

f5 = 0.6 mm/rot

	
[image: Coatings 13 00701 i043]

	
[image: Coatings 13 00701 i044]




	
ZP

	
Ra = 0.435 μm

f1 = 0.14 mm/rot

	
[image: Coatings 13 00701 i045]

	
[image: Coatings 13 00701 i046]




	
Ra = 6.323 μm

f5 = 0.6 mm/rot

	
[image: Coatings 13 00701 i047]

	
[image: Coatings 13 00701 i048]

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Ra Measuring

Ra Measuring






media/file4.png





media/file78.png
e

n...;*_\ z






media/file52.png





media/file39.jpg





media/file43.png
WWM N
i
Lo H

23933399





media/file18.png





media/file21.jpg
No of obs
R )

10

|

0
00 05 10

15 20 25 30 35 40 45 50 55 60 65 70

Rafun]

=
m
=
L





media/file44.png





media/file87.png





media/file26.png
P T T T T Ty yeas

)
.

SIS '

/!

b e L

AN A AN

$qO JO ON

15 20 25 30 35 40 45 50 55

1.0

00 05

Ra [pum]





media/file61.png





media/file7.jpg





media/file53.png
e





media/file28.png
® 1 <& 0 O
L <] < u i
» <] <& O G
& <] <& Oo o
L <1 P #w uv
L ¢ ] C
/ |

S6

S5

S3

S2

S1

Sample





media/file10.png
*llllllllh m Wh.
c o 8|
L £ = =
3" &|| 8
l-llllllv. m m
= | SuiSnpnuan || £
- e
FfasEEE W mm
-
D - —
“llllll“'m M o
EERIIPR. T W_u
1] ..PT. s
5 B 3
. e
: =
= o
o
: 2
lllllllll ._m (i}
T
".I..l? w l”
......... r
g3
".I..l.v: m l”
: =
u = —
. e =
l.lllllll.l m mw M
= @ o
lllllllllv h _ﬂn =
o -
< 5 || &






media/file79.png





media/file45.png





media/file11.jpg
Ra Measuring

Ra Measuring

Ra Measuring






media/file6.png





media/file88.png





media/file36.png
Roughness R, (um)
S = N W = U & N

Determining the optimal roughness Determining the optimal roughness

before hot dip galvanizing + centrifuging before hot dip galvanizing (HDG)
(HDG+C) v
6
| £ .
= lurning % e T1rning
o4
<
£ 3
. % 5
e Hot dq? | 3 e Hot diip
galvanizing + i
e 1 galvanizing
centrifuging (HDG)
(HDG+C) 0
0.68 1.51 2.49 3.64 5.72 0.68 151 249 3.64 572
Feed (mm/rot) Feed (mm/rot)
(a) (b)
Determining the optimal roughness before
zinc plating (ZP)
7
6
25
cmn 4 e rNING
<
5 3
=
3 2
~
1 e 7inc plating
0

0.68 151 249 3.64 5.72

Feed [mm/rot]

(c)





media/file15.jpg





media/file62.png





nav.xhtml


  coatings-13-00701


  
    		
      coatings-13-00701
    


  




  





media/file71.png





media/file84.png





media/file67.png





media/file54.png
§§§: 35

W WWMMW





media/file2.png
T OEL T

Section 5 Section4  Section3  Section2 = Sectionl Fixturing





media/file23.jpg
X121

| I

s8

Ea—
[onf] ey





media/file24.png
S2 S3 S4 S5 S6 S7 S8
Sample

S1

® 11 4 O o]
* < i C &
L a <& O D
» 1 <& m o
L <l <& O O
L < G u .
L <1 < O C
® <l < ] O
L 1 <& i} D

[uni] ey





media/file29.jpg
Feed[mmirot]





media/file1.jpg
Section 5 Section4  Section3  Section2  Section1 Fixturing





media/file72.png





media/file85.png





media/file12.png
e

‘(-----

Alkaline
|dEgrEas.Er

Ra Measuring

Hot air

dry

‘ -
Y :
Molten

[l

L

----}

Y
Quench
and
passivate

Ra Measuring

Ra Measuring






media/file9.jpg
v
Quench
and

Alkalie |[ Water
|degreaserf| ~rinse

passivate|

Ra Measuring Ra Measuring. Ra Measuring.






media/file42.png





media/file69.png





media/file55.png





media/file68.png





media/file56.png
ol






media/file38.png
Roughness Ra (pum)

I

w

N

=

The variation of the surface quality depending on hot dip
technology etap

0.68 1.51 2.49 3.64 5.72

Feed (mm/rpm)

B Turning

W FLUX

M Hot dip galvanizing
(HDG)

M Hot dip galvanizing +
centrifuging (HDG+C)






media/file86.png





media/file73.png





media/file17.jpg





media/file60.png





media/file30.png
Ra [pm]

]IIIIIIIII]IIIIIIIII]IIITIIIIII

lllllllllllllllllllllllllllllll

f1

f3 f4
Feed[mm/rot]

5





media/file65.png





media/file82.png





media/file57.png





media/file35.jpg
Determining the optimal roughness
before hot dip galvanizing + entrifuging
(HDGHC)

p—
ivaniig +

06 151 209 268 572
Fed (o)

@

Determining the optimal roughness
before hot dip galvanizing (HDG)

—Tuming

J——

i
0y

06 151 209 364 572
-

®)

Determining the optimal roughness before

068 151 249 364 5

sine plating (2P)

vy

JEE——"

Fesd ol

©





media/file81.png





media/file48.png





media/file27.jpg
EXT-11 )

|

T o & - o

(o) ey





media/file3.jpg





media/file74.png





media/file22.png
S
| B b o ]
- -
= A
- -

w9876543210

$qO JO ON

5.5

15 20 25 30 35 40 45 50

1.0

00 05

Ra [pm]





media/file19.jpg
Research perorming &
Dataanalyzing.

R/ dameter
measuringaftesturming

Dataaee
satitically
gantican,

es

Ao pikle
“Hot
I

No

Ra/ dametes messuring,
afer Acd pickle+ Hotfux






media/file83.png





media/file66.png





media/file58.png
) B
$8%8883¢





media/file40.png





media/file33.jpg
HOG - R fym)

P
Model: Double-squared HDG Ra
Correlaton: 0993

R Squared: 9925%.
PR r-rr—

Pot o Fted Model
[N e —

‘Model: Double-squared HDGC Ra
Correlation: 09935;
R-Squared: 9571%

T R ] AT+ 82 )

Pr—

Fea
Model: Double-squared ZE Ra
Corelaton: 09877;

ReSquared: 97.55%.

D

Feestanion
‘Model: Double-squared Turning R
Correlaton: 09975;
ReSquared: 99.51%.





media/file80.png





media/file32.png
The variation of the surface quality depending on the

technology used
7
6
/E\ 5 B Turning
=
o4
A MW Hot dip galvanizing
QG) 3 + centrifuging
f.o (HDG+C)
=S M Hot dip galvanizing
2 2 (HDG)
' 1 M Zinc plating
0
0.68 1.51 2.49 3.64 572

Feed (mm/rpm)





media/file14.png
Al...lll.

Drying

Water

rinse

Water

rinse

Ra Measuring

h lllllll LE m E
T C
"..l..lv.i w ln
: 9
S
=
[
)
- —
g 2
LLEEED = % .=

Water

rinse

IIIIIIIIIV

Alkaline

degreaser

Measuring

Ra






media/file49.png





media/file75.png





media/file37.jpg
Roughness Ra (um)

The variation of the surface quality depending on hot dip

technology etap

068 151 249 364 572

Feed (mm/rpm)

Turning

mFLUX

= Hot dip galvanizing.
(HOG)

1 Hot dip galvanizing +
centrifuging (HDG+C)





media/file46.png





media/file59.png





media/file16.png





media/file20.png
Research performing &
Data analyzing

Turning

Ra / diameter
mea suring after tumjng

Data are

NO

statistically
significant

YES

Acid pickle
+ Hot flux

Ra / diameter measuring
after Acid pickle + Hot flux

Zinc plating

Data are

NO

statistically
significant

STOP
experiments

Molten zinc

Molten zinc +
centrifuging

Ra / diameter
measuring

Ra / diameter
measuring

Ra / diameter
measuring

Conclusions

END
experiment






media/file63.png





media/file50.png





media/file5.jpg





media/file70.png





media/file76.png





media/file89.png





media/file77.png
ﬁ@meéumn-w i s





media/file47.png





media/file31.jpg
Roughness Ra (um)

Llil

068

The variation of the surface quality depending on the
technology used

249
Feed (mm/rpm)

W Turning

m Hot dip galvanizing.
+centrifuging
(HDG+C)

= Hot dip galvanizing
(HDG)

mZinc plating





media/file25.jpg
No of obs

10

15 20 25 30 35 40
Ra [pm]





media/file0.png





media/file8.png





media/file51.png





media/file64.png





media/file34.png
Plot of Fitted Model
HDG - Ra [um] = sqrt(0.542103 + 80.9758*Feed [mm/rot]*2)

o | | | | | |
0.1 0.2 0.3 0.4 0.5
Feed [mm/rot]

Model: Double-squared HDG Ra
Correlation: 0.9964;
R-Squared: 99.28%.

o
o

HDG - Ra [pm]
s N w i =N (3,
II|l|[lllllllllllllllll[lllllll
A I N TR R

Plot of Fitted Model
ZE - Ra [um] = sqrt(-4.60897 + 120.084*Feed [mm/rot]*2)

ZE - Ra [pm]
N - (=]
| 1 1 I 1 I I | 1 | I I I I 1 l
1 1 | I 1 | 1 I 1 | 1 I t:ll 1 1 1

o
K

S
o

0.1 0.2 0.4 0.5

Q—[
e
w

Feed [mm/rot]

Model: Double-squared ZE Ra
Correlation: 0.9877;
R-Squared: 97.55%.

Plot of Fitted Model
HDGC - Ra [pum] = sqrt(1.73829 + 69.3157*Feed [mm/rot]*2)

5.9

4.9

3.9

HDGC - Ra [pm]

29

1.9

0.1 0.2 0.3 0.4 0.5
Feed [mm/rot]

Model: Double-squared HDGC Ra

Correlation: 0.9935;

R-Squared: 98.71%.

aIIJIIllIIIIIIIIIIIIIl

o
B

Plot of Fitted Model
Turning - Ra [um] = sqrt(-2.24847 + 98.5829*Feed [mm/rot]*2)

I | I | I I

w
I T TTT I FTTT I T I FTTT I 71T ] TTTT ]
l L1 I |- I L1l I L1l I L1l l Ll l

Turning - Ra [um]

0.1 0.2 0.3 0.4 0.5 0.6
Feed [mm/rot]

o -

Model: Double-squared Turning Ra
Correlation: 0.9975;
R-Squared: 99.51%.





