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Abstract:



We evaluated the applicability of metal spray coating as a waterproofing/corrosion protection method for a concrete structure used for water purification. We carried out an ozone resistance test on four metal sprays and evaluated the water permeability and bond strength of the metals with superior ozone resistance, depending on the surface treatment method. In the ozone resistance test, four metal sprays and an existing ozone-proof paint were considered. In the experiment on the water permeability and bond strength depending on the surface treatment method, the methods of no treatment, surface polishing, and two types of pore sealing agents were considered. The results showed that the sprayed titanium had the best ozone resistance. Applying a pore sealing agent provided the best adhesion performance, of about 3.2 MPa. Applying a pore sealing agent also provided the best waterproofing performance. Scanning electron microscope analysis showed that applying a pore sealing agent resulted in an excellent waterproofing performance because a coating film formed on top of the metal spray coating. Thus, when using a metal spray as waterproofing/corrosion protection for a water treatment concrete structure, applying a pore sealing agent on top of a film formed by spraying titanium was concluded to be the most appropriate method.






Keywords:


metal spray system; advanced water treatment; ozone resistance; water permeability; bond strength








1. Introduction


At present, water is purified by using chlorine. Chlorine input processes in the mixing tank, coagulation tank, sedimentation tank, and filtering tank remove harmful materials (e.g., Pb, As, Sn, and Cd) from the water supply and acidic materials from the wastewater, which are otherwise harmful to living things [1,2]. However, some harmful materials cannot be treated by the existing purification method. Thus, the use of an advanced water purification method that uses ozone to effectively remove such harmful materials has recently been increasing. The ozone used in advanced water purification facilities forms a stable oxygen molecule in water and generates one oxygen radical. Then, the oxygen radical generates two hydroxyl radicals (OH−) with a strong oxidizing power by decomposing a polar molecule of water. Organic materials react with ozone directly or with the hydroxyl radical (OH−) generated by ozone decomposition, which changes their properties. This is called oxidation [3,4,5,6,7,8,9]. Advanced water purification uses the properties of ozone to purify wastewater, producing clean water [10]. The oxidation of ozone and strong oxidizing power of harmful acids in wastewater affect the quality of the concrete of the water treatment structure. This can become a cause of deterioration, resulting in the waterproofing/anti-corrosion material of the concrete structure breaking away and causing the concrete to crack [1,2,11,12,13,14]. In 2010, Korea established recommended standards for ozone-proof paint to resolve this problem, and the development of organic/inorganic paint materials has been studied [15]. However, existing waterproofing/anti-corrosion materials (i.e., organic materials based on epoxy resins) cause corrosion, breakaway, exfoliation, and cracks in the finishing material, in an environment with high concentrations of ozone and chemicals; they can even affect the concrete itself and degrade the long-term durability [16,17]. To address this problem of organic/inorganic paint materials, the stainless steel (SUS) panel method has recently been applied to some facilities; this method uses SUS panels with excellent waterproofing/corrosion protection performance, ozone resistance, and chemical resistance [18,19]. However, the SUS panel method has problems with adhesion to concrete structures and corrosion caused by the welding of the joint sections, and it requires very challenging construction technology. In addition, there are enormous costs for the initial construction and maintenance, and there are further costs for waste disposal and construction during repairs because of the complete removal and reconstruction of the paint film [1].



In this study, we evaluated the ozone resistance of metal spray coatings and examined the bond strength, water impermeability, and impact resistance depending on the surface treatment method, in order to develop a finishing method that can fundamentally prevent the deterioration of concrete structures in water treatment facilities. Our hope was to demonstrate the feasibility of metal sprays for constructing metal panels with excellent ozone resistance and chemical resistance more easily than the existing construction method. The basic data from this study should help with the development of a finishing method for water treatment concrete structures.




2. Experimental Plan


2.1. Outline


Table 1 outlines the experiment and experimental factors. A basic procedure was conducted to apply the metal spray to a concrete structure for water treatment. Figure 1 shows that the arc thermal spraying process using the coating was applied on the concrete surface with a circular slit of hot and compressed air [20,21]. Four kinds of metal sprays were selected, and their ozone resistance was evaluated. A zinc–aluminum alloy, SUS304 (commonly used structural steel), SUS316L (commonly used with the SUS panel method), and titanium (high corrosion resistance) were considered, along with the existing ozone-proof paint. Then, the adhesion performance of the metal with the best ozone resistance was evaluated. Because water treatment concrete structures are in contact with water at all times, ozonated water or moisture infiltrates the concrete and finishing material, which degrades the adhesion performance and durability. Thus, the water impermeability of the metal spray coating is an important factor. However, because a metal spray forms a film from stacking solid metal particles on the concrete in powder form, many pores exist between particles and on the surface [22,23,24,25,26]. Thus, different surface treatments were performed on the metal spray coating, and their effects on the water impermeability were evaluated. Concrete with a compressive strength of 24 MPa was used as the substrate, and the metal spray coating was 200 µm thick, which is the average thickness used in construction.


Figure 1. Schematic of the arc thermal spraying process.
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Table 1. Experimental factors and measurement catalogs. Substrate: concrete (24 MPa); Coating thickness: 200 µm.







	
No.

	
Experimental Factor

	
Specimen

	
Measurement Catalog

	
Size






	
1

	
Metal sprays

	
Zn/Al

	
Ozone resistance (change in appearance, weight reduction)

	
100 mm × 100 mm × 30 mm; 150 mm × 70 mm × 2 mm




	
2

	
SUS304




	
3

	
SUS316L




	
4

	
Ti




	
5

	
Ozone-proof paint




	
6

	
Surface treatment method

	
Sprayed

	
Bond strength, water permeability

	
300 mm × 300 mm × 50 mm; Ø100 mm × 30 mm




	
7

	
Abraded




	
8

	
Sealed (A) a




	
9

	
Sealed (B) b








a Epoxy-based sealing; b Teflon-based sealing.









2.2. Ozone Treatment


Ozone treatment was carried out in accordance with the SPS KWWA M211 method provided by the Korea Water and Wastewater Works Association [27]. The dissolved ozone concentration of the ozonated water was maintained at 10 ± 1 ppm by using an ozone tester that can be applied to both underwater and airborne settings. The temperature of the chamber was regulated according to an 8-h cycle, comprising 3 h at 20 ± 2 °C, 3 h at 40 ± 2 °C, and 1 h of transition time between each temperature setting. The cycle was repeated 84 times. The ozonated water level was regulated according to an 8-h cycle, comprising a full water level for 1 h and a low water level for 1 h, as shown in Figure 2. This cycle was repeated 84 times and the experiment was then conducted, after the specimens had been washed with clean water.


Figure 2. (a) Cyclic condition of ozone treatment (Ozone concentration: 10 ± 1 ppm) and (b) view of the ozone resistance test.
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2.3. Specimen Production


Test pieces were produced with different sizes using 24 MPa concrete, as shown in Figure 3. To secure the bond strength between the metal spray coating and the concrete, the surfaces of the prepared concrete were sand-blasted. To increase the tensile strength of the concrete surfaces after the sand-blasting treatment, a pervious surface hardener was applied. Then, a surface roughness agent was applied, to increase the roughness. The different surface treatments were then applied to the test pieces.


Figure 3. Specimen production process.
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2.4. Method


2.4.1. Weight Reduction after Ozone Treatment


The weight of each specimen was measured before ozone treatment in accordance with SPS KWWA M211 [27], by using a scale with a precision of one decimal place. After ozone treatment, each specimen was cleaned using running distilled water and dried in a 60 °C chamber for 24 h or longer. Then, the specimen was stored under standard conditions for 30 min, before the weight was measured with the same method used before ozone treatment. The weight reduction rate was calculated as follows:


[image: there is no content]



(1)




where g is the weight reduction (g/m2), g1 is the weight of the specimen before ozone treatment (g), g2 is the weight of the specimen after ozone treatment (g), and A is the area of the specimen (m2).




2.4.2. Appearance after Ozone Treatment


The appearance was evaluated by visual observation in accordance with SPS KWWA M211 [27]. The test pieces produced by spraying metal on all six faces were put through 84 cycles of preprocessing in accordance with the ozone treatment method and were then visually observed for phenomena such as cracks, swelling, pinholes, rust, or discoloration on the surface.




2.4.3. Bond Strength Depending on the Surface Treatment Method


The bond strength depending on the surface treatment method was evaluated in accordance with KS F 4716 [28]. For the tensile bond strength test, a square attachment measuring 40 mm × 40 mm was glued onto each surface-treated specimen by using an epoxy adhesive, as shown in Figure 4. After 24 h, the perimeter of the attachment was cut to the concrete surface, and the maximum load was measured. Then, the bond strength was calculated with Equation (2). An average of nine measurements was regarded as sufficient for calculating the bond strength, and the adhesion failure behavior was visually checked.


[image: there is no content]



(2)






Figure 4. Outline of the bond strength test.
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Here, T is the maximum tensile load (N) and A is the attachment area (1600 mm2).




2.4.4. Impermeability Depending on the Surface Treatment Method


The water impermeability was evaluated in accordance with KS F 4919 [29]. The lateral faces, excluding the surface on which the metal was sprayed and the opposite face, were completely sealed with an epoxy resin. A water pressure of 0.3 N/mm2 was applied to the specimen for 3 h by using the equipment shown in Figure 5. Then, moisture was lightly removed for about 10 s by using a piece of filter paper [30], as per KS M 7602. The mortar bottom plate beneath the sprayed metal surface at the center of the specimen was visually checked to see if it was wet with water. The difference between the weight before the water pressure was applied (W1) and the weight after the water pressure was applied (W2) was set as the amount of water permeation based on KS F 4930 [31], and the permeability ratio was calculated as follows:


[image: there is no content]



(3)






Figure 5. Outline of the impermeability test.
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3. Results and Discussion


3.1. Weight Reduction after Ozone Treatment


To determine the metal spray with the highest ozone resistance, the weight reduction after ozone treatment was evaluated. Figure 6 shows the results. The Zn/Al alloy showed the largest weight reduction of 340.4 g/m2, which confirmed that it is most vulnerable to ozone. SUS304 and SUS316L, which are known to have a strong chemical resistance, showed reductions of 14.2 and 17.8 g/m2, respectively. These materials are vulnerable to ozone because the metal is arc-discharged at a high temperature when sprayed, and the Fe–Ni–Cr structure of stainless steel is destroyed when heat-treated at a high temperature. This causes the Fe component to move to the surface of the sprayed metal in large quantities [32]. The ozone-proof paint showed a weight reduction of 8.3 g/m2. Ti showed almost no weight reduction, with a value of 1.3 g/m2. Thus, only Ti and the ozone-proof paint satisfied the performance criterion of SPS KWWA M211 (i.e., 10 g/m2).


Figure 6. Weight reduction after ozone treatment depending on the sprayed metal.
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3.2. Change in Appearance after Ozone Treatment


Table 2 presents the changes in appearance of the specimens before and after ozone treatment. The Zn/Al specimen showed the most serious deterioration. The SUS304 specimen was partially exfoliated and heavily rusted. The SUS316L specimen was also visually confirmed to have rusted. The specimen may have failed to withstand the ozone because the Fe–Ni–Cr structure was destroyed by heat treatment, similar to the case of the weight reduction, which increased the intergranular corrosion susceptibility [32]. In the case of the ozone-proof paint, although there was no exfoliation, cracks, or rust, the specimen was discolored. Thus, the ozone-proof paint may be unable to withstand high concentrations of ozone for a long time. The Ti specimen showed no exfoliation, cracks, rust, or discoloration. Thus, it had the highest ozone resistance.



Table 2. Change in appearance after ozone treatment depending on the metal spray.







	
Ozone Treatment

	
Zn/Al

	
SUS304

	
SUS316L

	
Ti

	
Ozone-Proof Paint






	
Before

	
 [image: Coatings 07 00041 i001]
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After
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Phenomenon

	
Exfoliation, discoloration

	
Rust, discoloration

	
Rust, discoloration

	
No change

	
Discoloration











3.3. Adhesion Performance of the Metal Spray Depending on the Surface Treatment Method


After the ozone resistance of different metal sprays had been evaluated, the bond strength depending on the surface treatment method was evaluated. Ti was used to test the bond strength because it had the best ozone resistance. Figure 7 presents the results depending on the surface treatment method.


Figure 7. Bond strength depending on the surface treatment method
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The sealed (A) and sealed (B) specimens showed a superior bond performance to the sprayed specimen, by about 1.8 times (3.15 and 3.24 MPa, respectively), regardless of the type of pore sealing agent. This may be because many pores are generated on the film by the metal spray method [25]; when a pore sealing agent is applied to such a film, it permeates and plays the role of an adhesive between the metal spray coating and concrete, as shown in Figure 8. This enhances the adhesion performance. The sprayed specimen showed the lowest bond strength of 1.77 MPa. However, it satisfied the bond strength performance criterion of 1.1 MPa, as stated in in KS F 4716. Although the abraded specimen showed a bond strength of 1.90 MPa, which was higher than that of the sprayed specimen, the standard deviation was relatively high, at about 0.13. This may be because the error range of the experimental values increased due to the impact applied to the film during the surface polishing process.


Figure 8. Mimetic diagram of the pore sealing agent. (a) Sprayed mimetic diagram; (b) Sealed mimetic diagram.
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Figure 9 shows the failure modes of the specimens after the bond strength test. The sprayed specimen with a bond strength of 1.77 MPa showed failure between the metal spray coating and concrete. The abraded specimen showed the same failure mode. However, both the sealed (A) and sealed (B) specimens showed non-interfacial failure, where the failure occurred in the concrete. Thus, within the scope of this study, applying a pore sealing agent was found to be very effective at securing the bond strength, regardless of the agent type.


Figure 9. Failure mode depending on the surface treatment method: (a) sprayed, (b) abraded (c) sealed (A), and (d) sealed (B).
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3.4. Impermeability of the Metal Spray Depending on the Surface Treatment Method


Because a water treatment concrete structure is in contact with water at all times, the water impermeability of the metal spray coating is an important factor. Figure 10 shows the related ratio of water permeability. The water permeation of the mortar specimen was about 12.1 g, and the sprayed specimen showed the highest water permeation, at about 11.0 g. This may be because water permeated through the pores in the film formed by the metal spray method, as shown in Figure 7a [25]. The water permeation of the sealed (B) specimen was about 0.8 g, which showed a 92.6% improvement in the water impermeability compared to the sprayed specimen. The water permeation of the sealed (B) specimen was 1.0 g, which showed a 91.1% improvement. The water permeation of the abraded specimen was about 6.4 g, which revealed a 42.9% improvement.


Figure 10. Permeability ratio depending on the surface treatment method.
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Based on the experimental results, the permeability ratios were in the order of sprayed > abraded > sealed (A) > sealed (B). Both of the sealed specimens satisfied the KS F 4930 performance criterion, exhibiting a ratio of less than 0.1. A visual check showed that water permeated the whole area of the mortar specimen, as shown in Figure 11. In the case of the sprayed specimen, water permeated to a depth of about 22.5 mm. Thus, its permeability was 25% of that of the mortar specimen. In the case of the abraded specimen, water permeated to a depth of about 7.5 mm, so the water permeability was about 66.6% of that of the sprayed specimen and about 75% of that of the mortar specimen. In contrast, although the sealed (A) and sealed (B) specimens showed changes in weight after the experiment, the visual check showed that no water permeated the specimens. Thus, the impermeability depending on the surface treatment method of the sprayed metal was in the order of sealed (A) = sealed (B) > abraded > sprayed. No difference was found regarding the type of pore sealing agent. This may be because the pore sealing agents formed a thin film on the metal spray coating to prevent water from permeating the specimens.


Figure 11. Results of the impermeability test: (a) mortar; (b) sprayed; (c) abraded; (d) sealed (A); and (e) sealed (B).
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3.5. Analysis of the Surface and Cross-Section of the Sprayed Metal Depending on the Surface Treatment Method


Based on the results of the impermeability test, the specimens to which a pore sealing agent was applied were found to be superior. The sprayed metal surfaces of each specimen were compared by using a scanning electron microscope (SEM) and digital optical microscope. Figure 12 shows the surface images taken with the digital optical microscope, and Figure 13 and Figure 14 show the surface and cross-sectional images taken with the SEM.


Figure 12. Surface analysis using a digital optical microscope (X160): (a) sprayed; (b) abraded; and (c) sealed.
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Figure 13. Surface analysis using an SEM: (a) sprayed; (b) abraded; and (c) sealed.
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Figure 14. Cross-sectional analysis using an SEM: (a) sprayed and (b) sealed.
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4. Conclusions


The following conclusions were derived after evaluating the ozone resistance, bond strength, and impermeability of metal sprays for their applicability to finishing water treatment concrete structures:

	
With regard to the ozone resistance, Ti showed the smallest weight reduction of 1.3 g/m2 among the metal sprays and no observable deterioration.



	
The stainless steel family (SUS304 and SUS316L) showed large weight reductions and deterioration phenomena, such as rust and exfoliation, in contrast to Ti. These materials may have failed against ozone because the Fe–Ni–Cr structure was destroyed when they were heat-treated, due to the characteristics of the metal spray method. This caused the Fe component to move to the surface. Thus, Ti is the most suitable metal spray for finishing a water treatment facility.



	
With regard to the bond strength depending on the surface treatment method, all of the specimens satisfied the KS standard. Using a pore sealing agent (i.e., sealed (A) and sealed (B)) produced the best adhesion performance. This may be because the pore sealing agent permeates the pores generated by the metal spray method and acts as an adhesive to enhance the adhesion performance.



	
When the failure modes were compared, while the sprayed and abraded specimens had a relatively low bond strength and showed interfacial failure between the metal spray coating and concrete, the sealed (A) and sealed (B) specimens exhibited a high bond strength and showed non-interfacial failure that occurred in the concrete.



	
With regard to the impermeability depending on the surface treatment method, the sprayed specimen showed the lowest impermeability, similar to the case of the bond strength. This may be because water permeates through the pores generated by the metal spray method.



	
The sealed (A) and sealed (B) specimens showed that no water permeated the structure. This may be because the pore sealing agents formed a thin film on the metal spray coating that prevented water permeation.



	
Surface analysis confirmed many pores on the surface of the sprayed specimen, while the pores were filled up to some extent, in the case of the abraded specimen, from polishing of the metal spray coating. However, polishing could not fill up the pores across the whole area and reduced the bond strength. Thus, applying a pore sealing agent is the most efficient method.



	
Ti should be used with the proposed metal spray method to finish water treatment concrete structures, and a pore sealing agent is the most suitable surface treatment method to prevent water from permeating the concrete. However, because the main ingredient of the pore sealing agent of the sealed (A) specimen is epoxy, similar to paint, deterioration by ozonation is expected [17]. Accordingly, using a Teflon-based pore sealing agent is the most appropriate and efficient surface treatment method.
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