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Abstract

:

The purpose of this research is to investigate the influence of the phosphatizing process with Ni2+, Ce3+, and Ti2+ ions on the properties of the coating to obtain better corrosion protection of the metal. Steel corrosion occurs through physicochemical interaction between the metal and its surrounding environment. This leads to a change in the metal’s physical, mechanical, and optical properties that can cause damage to the functionality of the metal, which in turn may result in accidents or other malfunctions. Carbon steel grade has limited resistance to corrosion, depending on the carbon content and alloying element, the microstructure, and the surrounding environment of the material. This paper present tests that have been carried out on some of the physicochemical properties of protective epoxy and polyurethane coating on carbon steel grade. Coatings represent one of the methods available to protect metal surfaces from corrosion. Coating properties such as thickness, hardness, and adhesion were investigated. The same properties were tested by exposing the sample plates to corrosive conditions of the humid chamber and seawater. Their anticorrosion properties were explored by electrochemical impedance spectroscopy (EIS) techniques under immersion in 3.5 wt.% NaCl solutions as a corrosive medium. Part of the samples prior to application of the coatingwere modified with a phosphate solution containing metal ions: Ni2+, Ce3+, and Ti2+ to further investigate the effects of phosphatization on the properties of the coating. After exposure of the plates to the salt and moist chamber conditions, no traces of corrosion products, cracking or peeling of the coating were found on the surfaces. The adhesion properties were tested by the pull-off adhesion test. It was found that metal/polymer adhesion was satisfied according to EN ISO 4624:2016 and had the same value for all samples. However, a detailed EIS analysis showed a higher resistance of phosphate samples with Ce3+ ions than samples that were phosphated with Ni2+ and Ti2+ ions and those that did not have a sparingly soluble phosphate salt layer.
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1. Introduction


Iron and iron alloys, including non-alloyed ones, are popular in the design and construction of engineering structures and piping applications [1,2]. Unfortunately, the mechanical properties, of non-alloy steels, including surface hardness, are not outstanding, and their use is restricted in certain applications [3]. Any heat treatment or other thermal process that takes the alloy too far from the nominal phase balance, or introduces third phases, can result in reduced mechanical properties, corrosion resistance, or both [4]. However, the environments to which they are deployed cause not only damages, but also produce great waste of resources and economic losses [1,5]. Steel is very sensitive to different forms of corrosion, especially when used in harsh environments such as the oil and gas industry. However, appropriate corrosion methods can help avoid many potential disasters that can cause serious issues including loss of life, negative social impacts, pollution of water resources, and environmental pollution [2,6]. Apart from the oil and gas sector, the marine environment is one of the most aggressive working environments where structural materials and components are exposed to high levels of chloride, oxygen, and other corrosive minerals, in addition to the seawater spray arising from the ship motion and wave effects [2,7,8].



The application of organic coatings on steel surfaces is a promising strategy for extending their service life, although they are all permeable to moisture and oxygen. To overcome these problems, there is a growing tendency to apply thicker coatings for marine conditions [9,10]. Organic coatings, such as polyester, epoxy, polyurethane resins, provide a passive physical barrier between the corrosive environment and the metal surface [9,11]. Among these organic coatings, epoxy coatings are the most broadly applied type of coatings for industrial and engineering applications due to their advantages of good protection, simple application method, good adhesion to metals, high corrosion resistance and low cost [5,12,13]. These coatings include an inner primer layer loaded with anti-corrosion pigments [2]. The topcoat provides the main protection from environmental hazards and enables different functional and aesthetic applications. An intermediate coating sometimes needs to be added to increase the total coating system thickness and enhance thebarrier effect against highly corrosive environments [10,14].



According to ISO 12944-2 [15], there are five corrosivity categories ranging from C1 to C5, where C5 stands for a very high corrosion risk. Moreover, the environment is classified also according to immersion category ranging from Im1 to Im4. However, after long exposure periods, the absorbed water, oxygen, and corrosive ions can diffuse into the epoxy resin through coating defects derived from improper curing, low cross-link density, and local shrinkage resulting in coating delamination (adhesion loss) and substrate corrosion [16]. To enhance corrosion protection, surface treatment and various coatings have been suggested and applied [17].



A thin phosphate coating was used to investigate its influence as an adhesion promoter [18]. The phosphatizing process is the most widely used metal pre-treatment process, which involves a topochemical reaction between a primary phosphate solution with a metal surface, promoting the precipitation of an insoluble tertiary salt [18,19]. This process is the most common type of chemical treatment, which has been primarily used as a pre-treatment to protect surfaces against underpaint corrosion, to pre-treat surfaces for metal forming operations, such as cold extrusion, and to improve corrosion resistance by providing a good base for waxes and rust-preventive oils [20]. Due to its economy, speed of operation, and ability to afford excellent corrosion resistance, wear resistance, adhesion, and lubricative properties, it plays a significant role in the automotive, processing, and appliance industries [21,22]. Metal coatings also provide good benefits against early rusting but decrease the grade of steel in practical application [23]. Epoxy coating can protect the metal substrate by releasing inhibiting chemicals from the pigment to form a strong passive or barrier layer that inhibits the corrosive medium contact with the metal substrate [24]. So far, the classical alternative, zinc phosphate, has been widely used [25].



In this paper, a three-layer coating system was applied to different pre-treatment carbon surfaces to determine which surface has better resistance to corrosion. However, the present work explores the influence of introduced cerium, nickel, and titan on the zinc phosphate pre-treatment. The effect of phosphated surface was evaluated in different aggressive media, such as humidity chamber and immersion in 3.5% NaCl solution. In addition, the results of morphology, thickness, hardness, RAL colors, adhesion straight, and EIS measurements are presented in this study.




2. Materials and Methods


2.1. Material


The materials used in this study include epoxy coating and polyurethane. In this study carbon steel was investigated. The chemical composition of the carbon steel is shown in Table 1.




2.2. Substrate Pre-Treatment


2.2.1. Modification of the Phosphate Film by Ni2+, Ce3+ i Ti2+ Ions


Common carbon steel plates of 3 mm thickness were cut into pieces of 100 × 150 mm. Before applying the coating, part of the samples was modified with a phosphate solution which were containing metal ions: Ni2+, Ce3+, and Ti2+.



In the first stage, the surfaces of samples were cleaned with abrasive blasting to remove surface contaminants. This kind of process also shapes the surface and gives it satisfactory roughness. In the second stage, four tanks (Legor Group S.P.A., Bressanvido, Italy) were used for phosphatizing. Table 2 shows the composition of the baths used for surface modification of carbon steel.



After phosphatizing, allthe samples were cleaned with water.




2.2.2. Preparing of Coating System with Modified Phosphate Surface


The obtained surface modifications by Ni2+, Ce3+, and Ti2+ ions have been protected by the coating system shown in Table 3.



The primer and the intermediate coats contained a two-component Bisphenol-A type epoxy resin. In this regard, the epoxy/solvent was mixed with xylene, but-1-ol and toluene by a mass ratio of 132:18. Finally, the polyurethane was used as a topcoat. The obtained mixtures were applied to the steel panels by a film applicator (coating thickness: 100 μm). The primer coat was cured with an infrared radiation at 60 °C for 15 min while the intermediate and the top layers were dried at room temperature for 24h. Eight samples were prepared for corrosion measurements: four samples were phosphatized (Table 4) and the other four were not phosphatized.





2.3. Surface Analysis Techniques


The morphology of the phosphate steel surface and steel surface phosphated with Ni2+, Ce3+, and Ti2+ ions and protected with organic coating was observed by using a scanning electron microscopy (SEM) (TESCAN Brno, Brno, Czech Republic) at a magnification of 100× and by a stereo microscope model Leica MZ6 (Leica Microsystems, Heebrugg, Switzerland) at a magnification of 50×. Additionally, phosphate steel surface and phosphate surface with Ni2+, Ce3+, and Ti2+ ions were examined by SEM with the addition of energy dispersive X-ray (EDS) spectroscopy for elemental composition analysis. The surface roughness of samples, as substrates for epoxy coating deposition, was determined by Surface Roughness Tester (model: TMR200). RAL colors (RAL gGmbH, Siegburger, Germany) were used for defining standard colors of coating. A coating thickness gauge Elcometer® 456 (Elcometer Limited, Edge Lane, Manchester, UK) was used to assess the thickness of the coated samples. Measurements were performed on ten different locations per sample. The testing of the coating hardness was performed according to the EN ISO 15184 standard [26]. The testing was performed using the Elcometer gauge, model 161 (Elcometer Limited, Edge Lane, Manchester, UK). Using pencils of different hardness, from 9B to 9H, the coating hardness was measured. The pencils were posi-tioned at a 45-degree angle, whereas the loading force was 7.5 N. To investigate the adhesion strength between the epoxy coating and the substrate, a PosiTest Pull-off Adhesion Tester (Elcometer Limited, Manchester, UK) was conducted. Elcometer Cyanoacrylate Adhesive was used for aluminum dollies with a diameter of 20 mm, and it was dried at room temperature for 24 h. To validate the repeatability of the results, measurements were performed on each sample several times. Adhesion properties were tested immediately after drying and after exposure to corrosion conditions.



In this paper, accelerated laboratory tests to predict the corrosion performance of the phosphate and phosphate steel surface modified with Ni2+, Ce3+, and Ti2+ ions were used. The Machu test was performed on samples immerged in the solution for 48 h which is equivalent to a 1000-h exposure in salt chamber. The solution for the Machu test in which the samples were immersed was made of 50 g/L NaCl, 10 g/L CH3COOH, 5 g/L H2O2 (30% solutions) and deionized water. The pH-value of the solution was 3 [27]. The samples were immersed in 3.5 wt.% NaCl solution in a glass jar for 48 h which corresponds to a 1000-h exposure in salt chamber test. Moreover, the humidity test was conducted according to EN ISO 6270-2 in which the samples were exposed for seven days [28]. The accelerated testing was performed on two samples per coating.



Electrochemical impedance spectroscopy (EIS) was carried out on phosphated sample, phosphated samples with Ni2+, Ce3+, and Ti2+ to determine the best corrosion resistance. The phosphated sample (with Ce3+ ions) and the phosphate steel surface protected with a three-layer coating system were measured. For this purpose, VersaSTAT 3 Potentiostat/Galvanostat (AMETEK Scientific 131 Instruments, Princeton applied research, Berwyn, PA, USA) was used. The experiment was conducted at open circuit potential (OPC) with the frequency range from 100 kHz to 100 mHz and amplitude perturbing signal of 10 mV. The measurements were carried out, respectively, after one hour and after 7 days of immersion in 3.5 wt.% NaCl solution, pH = 7.554, at room temperature (20 ± 2) °C which is the closest to the marine environment and is widely used for corrosion tests [2]. A three-electrode set-up in an electrochemical cell, where Pt sticks served as the auxiliary electrodes, a saturated calomel electrode (SCE) as the reference electrode and a phosphate and coated steel sample as a working electrode with exposed surface area of 1.0 cm2 (without defect). Each measurement was implemented in three replications for checking the repeatability of data. The ZSimWin software was used to interpret data.





3. Results and Discussion


3.1. Surface Morphology of Carbon Steel


Figure 1a–d shows the top view image of the phosphate steel surface and phosphate steel surface which were modified with Ni2+, Ce3+, and Ti2+ ions. According to Bajat [18], phosphate coating may absorb oil, wax, or pain very well, so this is one of the indicators that the bonding ability between the surface and the coating has been improved. Moreover, a thin layer of iron oxide formed on the bare steel surface thus improving the air resistance of the material. Theoretically, phosphatization can better protect the surface from oxide or nitrogen due to this thin layer which contains insoluble phosphate salts.



The influence of Ni2+, Ce3+, and Ti2+ ions on the carbon steel surface is shown in Figure 1a–c. The distribution of carbon is visible at large magnifications. In the presence of the phosphate solution, the samples show a uniform grain microstructure of scales or needles. In addition, these phenomena indicate that the molecule of zinc phosphate was absorbed on the surface of carbon steel to form a protective film, which prevented the contact between the surface of carbon steel and acid and, as a result, reduced corrosion. In contrast to the Zn coating, Ni2+, and Ce3+ ions formed needle crystals on the surface, indicating an easier adhesion of these ions to the surface.



Figure 2 illustrates the morphology and the local chemical composition of the phosphate samples with Ni2+, Ce3+, and Ti2+ ions.



The elemental mapping by EDS spectroscopy (Figure 2 and Figure 3) for samples showed the presence of Fe, P, and O ions suggesting that an iron phosphate compound was generated at the beginning of the phosphatizing process [19]. The chemical composition of all samples revealed a high concentration of zinc ions. EDS results displayed in Figure 2a clarified that the phosphate coating included 0.27 wt.% of Ni2+ ions. Ni ions catalyze the process of phosphate film formation on the steel surface. Orthorhombic Ni crystals on the surface of the phosphate film contribute to good adhesion of the film to the substrate’s surface.



The addition of Ce3+ ions in the phosphate bath resulted its appearance of 27.10 wt.%. Ce ions from the solution are reduced and deposited on the phosphate film, they inhibit the film and affect the growth of the phosphate film grains. The action of Ce3+ ions is also demonstrated in the reduction of structural inefficiencies such as porosity and cracking.



According to Figure 2c, the steel surface contains 0.09 wt.% Ti2+ ions. These ions affect the morphology of the layer. The evidence of other metals on the carbon steel surface was confirmed by EDS mapping (Figure 3). Figure 3f shows a significant amount of cerium ions compared to the other elements. All subsequent experiments were made on the phosphate surface with Ce3+ ions.



The surface qualities on which the roughness measurement was proven differed primarily in the appearance of the surface. The thickness of the phosphate layer was measured with Elcometer® 456 and is shown in Table 5.



According to Table 6, it can be concluded that there is no difference in roughness between the phosphated and the modified phosphated samples. It is obvious from these results that the roughness is the same because all the samples had been prepared with abrasive blasting. Assessingthe surface in both samples shows medium category according to ISO 8503-1 [29]. This roughness did not consume a large amount of paint and consequently, it did not increase the costs.




3.2. Modification of the Phosphate Film by Ce3+ Ions


Further studies of corrosion resistance have been conducted on the phosphate film modified by Ce3+ ions. EDS analysis shows that the share of Ce3+ ions in the phosphate film compared to Ni and Ti ions is significantly higher. Ce3+ ions are incorporated into the phosphate film following the same mechanism as Zn2+ ions. Table 7 shows the logarithm of the dissociation constant, log K, for salts that the Ce3+ ion may form with H3PO4.



According to dissociation constant logarithms, log K, from Table 7, it can be concluded that primarily cerium (III) phosphate will bind to the greatest extent to the carbon steel surface given the low value of log K. The main reactions were formation of a zinc and cerium phosphate film on the metal surface and the release of hydrogen [31]. The conventional view of the phosphate process with zinc ions is that following reaction occur [32]:


3Zn2+ + 2H2PO4− + 2H+ + 4H2O + 6e− → Zn3(PO4)2∙4H2O↓ + 3H2↑



(1)







The Fe2+ ions, which are in steel surface, also do react with acid radicals PO43−. The following is the reaction [33]:


3Fe + 2H3PO4→ Fe3(PO4)2 + 3H2↑



(2)








3.3. Coating Thickness Measurement


The thickness of the dried coatings is shown in Figure 4. A similar value was measured for all three layers of coatings. The primer coat on the phosphate samples modified with Ce3+ ions, shows a slight increase in thickness compared to the phosphated carbon surface. In any way, these results confirm uniformly applied layers because the minimum (Lo) and the maximum (Hi) thickness of all coatings do not deviate significantly. The average coating thickness was about 250 μm.




3.4. Accelerated Corrosion Tests


Coating steel samples were exposed to a humidity (ISO 6270-2) chamber and immersed in a 3.5% solution of NaCl (ASTM B117) to compare their physical properties and corrosion behavior [28,34]. After exposure of the plates to the accelerated corrosion tests, no traces of corrosion products, cracking, or peeling of the coating were found on the surface.



Physical properties, including color and hardness, were observed immediately after the application of the coating and after 23 days. We found that the standard color of polyurethane, gray with a bright metallic luster, did not change (Table 8) after being exposed to corrosion conditions, but the hardness of the coating slightly increased in 23 days (Table 9). The surface hardness of the coating was measured with the pencil hardness test (Wolff–Wilborn method), which uses pencils of various grades to determine how hard or soft a coating is.



The measurements of hardness were performed after the samples had been properly dried, respectively after 13 and 23 days. Including the changes in results, surface hardness is still characterized as a medium-hard coating that has a durable film with projected good wear. It is notable that this type of topcoat takes time to develop the appropriate degree of hardness. Theoretically, if coating hardness is increased, the wear and tear resistance of the coating will improve.




3.5. Adhesion Measurements


In this work, dry adhesion of polyurethane and epoxy coatings on phosphated carbon surface and phosphated steel surface with Ce3+ ions were measured by the standard pull-off method. The results of the pull-of measurements on the topcoat, for the initial samples and samples exposed to different corrosion conditions, are shown in Table 10. The adhesion forces on phosphated steel samples with polyurethane topcoat were lower than on the coated phosphate steel samples with Ce3+ ions. It is therefore difficult to conclude from these results that the phosphatization process affects the increased adhesion of the topcoat.



Due to the loss of adhesion in the intermediate coating, samples did not comply with EN ISO 4624:2016 [35]. A pull stub (dolly) shows a failure in the intermediate coat, which confirms that a chemical bond between epoxy and polyurethane has been accomplished. In this process, cohesive failure within intermediate coat occurs. In the presence of low temperature, epoxy resin did not achieve the appropriate degree of crosslinking as confirmed in Table 10. The intermediate coat was applied in atmospheric conditions at 18.1 °C and relative humidity of 28.9% and dried for 24 h. Theoretically, the curing temperature for polyurethane and epoxy resins is 25 °C.



According to ISO 12944-5 samples were immersed in a 3.5% NaCl solution classified as an Im2 environment. These samples had the lowest results in the pull-off test compared to the samples which had been in the humidity chamber. In other words, the immersed samples at room temperature were exposed to accelerated corrosion unlike samples in the humidity chamber.



Adhesion force shows better results for phosphated samples with Ce3+ ions and coat, especially samples which exposed to humidity chamber. An increase in the adhesion force can be caused by increasing temperature and moisture in the humidity chamber. According to EN ISO 6270-2, the samples were exposed to 40 ± 3 °C with 100% of relative humidity [28]. This temperature had initiated a crosslinking process in the epoxy resin and the hardening of the epoxy in the durometer.




3.6. Electrochemical Impedance Spectroscopy


Simplified Randles circuits were used to describe the electrochemical cell of a metal in an electrolyte. The equivalent circuits consisted of a solution resistance of the NaCl solution, Rs, in a series with an equivalent resistance of the abrasive blasting substrate, Rp, and double layer capacitance, CPE. The constant phase element (CPE) was used to replace the capacitor in the equivalent circuit to fit the impedance characteristic of the double layer more accurately [36]. After the phosphatization process, as shown in Figure 5a, the surface of carbon steel had thin phosphate layer, which is described with Rphosphate where Rs is in a series with a parallel combination of an Rp, CPE, and dispersion relation contains (CDC-symbol: O). Due to the very small thickness of the phosphate layer, the phosphate steel sample had a higher value of the Rp and better corrosion resistance, as shown in Table 11. Figure 5b shows ECC models for the phosphate layer with Ce3+ ions, a three-layer coating where the electrolyte resistance of NaCl solution (Rs), coat resistance (Rcoat), and charge transfer resistance (Rp) of corrosion reaction on the steel substrate were calculated. The fitting of the equivalent electric circuit (EEC) modelsfor phosphate steel surface modified with Ni2+, Ce3+, and Ti2+ ions and phosphate steel surfaces with Ce3+ ions are shown from Figure 6a–h.



Figure 5 from a to h shows the EIS plots of the phosphate layers which were modified with Ni2+, Ce3+, and Ti2+ ions, in a 3.5% NaCl solution during 1-h immersion. It can be deduced from Nyquist plots and Table 11 that double layer capacitance value showed sparingly soluble phosphate salts on the steel substrate. Finite length diffusion elements show Warburg short elements for a transmissive boundary. As found, in Table 11, a constant Yo has a low value for all phosphate layers which corresponds to slow diffusion. Likewise, constant B (Table 11) is similar for all samples which means that the diffusion of electrolytes through the thin phosphate layer has the same duration as through all modified phosphate layers.



According to Table 11 and Nyquist plot (Figure 6e,f) the phosphating process with Ce3+ ion has the best protective and anticorrosion effects. This observation indicates that in this case Ce3+ ions were bound on the steel surface which resulted in an increase in the Rp value.



To further study the corrosion resistance of the phosphate layer with Ce3+ ions, a three-layer coating system was applied to the samples. The EIS parameters of coatings of the phosphate and phosphate steel surface with Ce3+ ions immersed in 3.5 wt.% NaCl solution for 1 h, 14, and 20 days, respectively, are shown in Table 11. Considering the results reported in Table 11, CPE is a constant phase element of the double layer showing its capacitive properties, which depend on the empirical constant n [38]. The value of the constant n is about 1, the CPE can be assumed as the phosphate layer capacitance. Impedance parameters were measured on the topcoat which contained polyurethane. The fitting of equivalent electric circuit models for this system is given in Figure 5b.



After a 14-day immersion, epoxy coating and polyurethane showed a good protection effect, and the electrolyte solution did not diffuse on the steel substrate. In fact, the ions were blocked by these organic coatings and were unable to pass through them to the steel surface. After a 480-h immersion in electrolyte, the phosphate steel/coat sample showed a slightly higher value of Rcoat. This indicated that sparingly soluble salts of zinc phosphate caused the creation of a protective barrier and improved the stability of the epoxy coating. The phosphate carbon steel layer created a mechanical and chemical bond with the coating, as opposed to the bare steel which bonded only mechanically.



According to Figure 7, total resistance (Rt) was calculated with the formula:


Rt = Rp + Rcoat − Rs



(3)




where the value of resistors is in accordance with the results obtained by EIS for phosphate steel/coat and phosphate steel with Ce3+ ions/coat immersion in 3.5 wt.% NaCl solution respectively for 1, 366, and 480 h. The results of this formula are shown in Figure 7. All these anticorrosion properties of the samples gradually increase during the immersion time, which may indicate an improvement in the compatibility between the top and the intermediate coats. Mainly, the values of Rp were very similar for all samples, but phosphate steel with Ce3+ ions/coat showed a significant increase after 480 h.





4. Conclusions


Several conclusions can be drawn from this study:




	
Phosphate steel and phosphate steel with Ni2+, Ce3+, and Ti2+ ions have the same value of roughness because all samples were prepared with abrasive blasting.



	
All samples show a similar value of thickness and confirm uniformly applied layers.



	
A gray color with a bright metallic luster of samples did not change after being exposed to corrosion conditions.



	
Surface hardness of samples is still characterized as medium-hard, although it takes time for this type of topcoat to develop the appropriate degree of hardness.



	
Due to loss of adhesion in the intermediate coating, samples did not comply with EN ISO 4624:2016. There is no difference in the pull-off values between the phosphate and the phosphate carbon surfaces with Ce3+ ions.



	
An analysis of the EIS measurement results showed equal diffusion through all modified layers. Double layer capacitance showed low values, indicating the formation of sparingly soluble phosphate salts on the steel substrate, which results in an increase in the value of Rp and better corrosion protection. Ce3+ ions in the form of phosphate salts bind to the carbon steel surface and thus act as an inhibitor for the phosphate surface.



	
After a 20-day immersion, the EIS measurement confirmed that epoxy coating and polyurethane have a good protection effect, and the electrolyte solution had not been diffused on the steel substrate. This is a short period of coating exposure to water penetration, but we can conclude that a long-term corrosion behavior of phosphate carbon steel could offer better corrosion protection due to a significant increase of the Rp value.
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Figure 1. SEM micrographs phosphating carbon steel surface with Ni2+ ions (a), Ce3+ ions (b) and with Ti2+ ions (c). 
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Figure 2. EDS analysis obtained from the surface of phosphate coatings with different pre-treatments processes: (a) Ni2+ ions, (b) Ce3+ ions, and (c) Ti2+ ions. 
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Figure 3. The SEM micrograph displays area analyzed phosphate layer with (a) Ni2+ ions, (d) Ce3+ ions and (g) Ti2+ ions. EDS mapping for (b,e,h) phosphorus distribution and distribution of (c) layers Ni2+ ions, (f) Ce3+ ions and (i) Ti2+ ions on phosphate steel plates. 
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Figure 4. Scheme of steel samples with phosphate layer and three-layer epoxy coating. Parameters of thickness for applied primer, intermediate coat, and topcoat on (a) phosphated and (b) phosphate samples with Ce3+ ions. 
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Figure 5. Equivalent electric circuit for fitting EIS parameters for (a) phosphate steel surface modified with Ni2+, Ce3+, and Ti2+ ions and (b) samples with three types of coating [37]. 
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Figure 6. Nyquist and Bode plots and equivalent circuit of the phosphate steel surface (a,b) and phosphate steel surface with Ni2+ ions (c,d), Ce3+ ions (e,f), and Ti2+ ions (g,h) after 1h immersion in 3.5 wt.% NaCl solution. 
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Figure 7. Total resistance value for bare steel/coat and phosphate steel with Ce3+/coat immersion in 3.5 wt.% NaCl solution for 1, 366, and 480 h. 
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Table 1. The chemical composition of the carbon steel sample was determined by optical emission spectrum GDS 850 A, LECO.
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	Element
	C
	Si
	Mn
	P
	S
	Cr
	Mo
	Ni
	Cu
	Fe





	Percent (%)
	0.33
	0.16
	0.55
	0.019
	0.019
	0.06
	0.01
	0.03
	0.04
	balance
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Table 2. Bath compositions and deposition parameters.
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	Bath
	Bath 1
	Bath 2
	Bath 3
	Bath 4





	H3PO4, mL/L
	14
	14
	14
	14



	ZnO, g/L
	12
	12
	12
	12



	HNO3, mL/L
	12
	12
	12
	12



	NaNO2, g/L
	2
	2
	2
	2



	NaOH, g/L
	3
	3
	3
	3



	NiSO4∙7H2O, g/L
	-
	1.25
	-
	-



	CeCl3, g/L
	-
	-
	1.25
	-



	TiO2, g/L
	-
	-
	-
	1.25



	Temperature, °C
	70
	70
	70
	70



	Duration, min
	15
	15
	15
	15
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Table 3. Preparation of three-layer coating system on carbon steel substrate.
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	Coat
	Binder
	Solvent





	primer coat
	epoxy resin
	xylene, but-1-ol and toluene



	intermediate coat
	epoxy resin
	xylene, but-1-ol and toluene



	topcoat
	polyurethane
	n-butil-acetat, petrol
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Table 4. Modified phosphatized samples protected by the coating system.
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	Samples
	Phosphating Solution Modified with
	Three-Layer Coating System





	Sample 1
	-
	primer, intermediate and topcoat



	Sample 2
	Ni2+ ions
	primer, intermediate and topcoat



	Sample 3
	Ce3+ ions
	primer, intermediate and topcoat



	Sample 4
	Ti2+ ions
	primer, intermediate and topcoat










[image: Table] 





Table 5. The value of thickness for phosphate sample and phosphate samples with Ni2+, Ce3+, and Ti2+ ions.
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	Phosphate Sample
	Phosphate Samples with Ni2+
	Phosphate Samples with Ce3+
	Phosphate Samples with Ti2+





	Thickness

(μm)
	15.03
	15.92
	21.69
	14.01
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Table 6. The values of surface roughness for phosphate sample and phosphate samples with Ni2+, Ce3+, and Ti2+ ions.
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	Samples
	Phosphate Samples
	Phosphate Samples with Ni2+
	Phosphate Samples with Ce3+
	Phosphate Samples with Ti2+





	Rz (μm)
	53.29
	50.63
	55.86
	51.49



	Ra (μm)
	8.70
	8.91
	9.25
	9.03
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Table 7. Logarithm of dissociation constant for Ce3+ salts formed with residues of phosphoric acid. [30].
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	Reaction
	log K





	Ce3+ + H2PO4−→ CeH2PO42+
	−2.43



	Ce3+ + HPO42−→ CeHPO4+
	−4.98



	Ce3+ + 2HPO42−→ Ce(HPO4)2−
	−8.34



	Ce3+ + PO43−→ CePO4
	−11.35



	Ce3+ + 2PO43−→ Ce(PO4)23−
	−18.48
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Table 8. Results of changing colors of samples in different corrosion conditions.
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Day

	
Phosphate Steel/Coat

	
Phosphate Steel with Ce3+/Coat




	
Initial Sample

	
Humidity Chamber

	
Immersed in Sea Water

	
Initial Sample

	
Humidity Chamber

	
Immersed in Sea Water






	
1.

	
RAL 6013

	
RAL 6013

	
RAL 6013

	
RAL 6013

	
RAL 6013

	
RAL 6013




	
23.

	
RAL 6013

	
RAL 6013

	
RAL 6013

	
RAL 6013

	
RAL 6013

	
RAL 6013
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Table 9. Hardness value for medium-hard coatings exposed to different corrosion conditions.
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Day

	
Phosphate Steel/Coat

	
Phosphate Steel with Ce3+/Coat




	
Initial Sample

	
Humidity Chamber

	
Immersed in Sea Water

	
Initial Sample

	
Humidity Chamber

	
Immersed in Sea Water






	
1.

	
B

	
F

	
HB

	
HB

	
F

	
HB




	
13.

	
F

	
F

	
-

	
F

	
F

	
-




	
23.

	
F

	
F

	
F

	
F

	
F

	
F
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Table 10. Pull-off adhesion test of the top coating on the phosphate steel and phosphate steel with Ce3+ ions: initial state, samples exposed to humidity conditions for 7 days and samples immersed in sea water for 48 h.
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Initial Samples (MPa)

	
Samples in Humidity Chamber (MPa)

	
Samples Immersed in 5% NaCl Solution (MPa)






	
phosphate steel/coat

	
-

	
1.67

	
2.56




	
-

	
-

	
3.94




	
phosphated steel with Ce3+/coat

	
2.59

	
12.15

	
4.81




	
2.06

	
12.34

	
7.31
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Table 11. The results of the EIS measurement on phosphate steel surface and phosphate steel surface modified with Ni2+, Ce3+, and Ti2+ ions immediately after different pre-treatment processes immersion in 3.5 wt.% NaCl solution. The table contains the results of EIS measurements for the same samples but with three types of coating respectively after 1-h, 14 and 20 day immersion in 3.5 wt.% NaCl solution.






Table 11. The results of the EIS measurement on phosphate steel surface and phosphate steel surface modified with Ni2+, Ce3+, and Ti2+ ions immediately after different pre-treatment processes immersion in 3.5 wt.% NaCl solution. The table contains the results of EIS measurements for the same samples but with three types of coating respectively after 1-h, 14 and 20 day immersion in 3.5 wt.% NaCl solution.





	
Samples

	
Rs

(Ω)

	
CPEcoat

(F)

	
ncoat

	
Rcoat

(Ω)

	
CPEphosphate

(F)

	
Rphosphate

(Ω)

	
CPE

(F)

	
Rp

(Ω)

	
Yo (S∙s5)

	
B

(s5)






	
phosphate steel

	
15.26

	
-

	
-

	
-

	
9.9 × 10−6

	
52.26

	
9.9 × 10−5

	
647.2

	
3.8 × 10−4

	
1.35




	
phosphate steel with Ni2+

	
15.31

	
-

	
-

	
-

	
1.9 × 10−4

	
57.3

	
-

	
925.1

	
1.4 × 10−4

	
1.25




	
phosphate steel with Ce3+

	
15.01

	
-

	
-

	
-

	
7.9 × 10−4

	
901.5

	
-

	
1.8 × 104

	
6.6 × 10−5

	
1.36




	
phosphate steel with Ti2+

	
17.48

	
-

	
-

	
-

	
7.1 × 10−5

	
582.3

	
-

	
1.4 × 103

	
1.7 × 10−4

	
1.23




	
immersion after 1 h




	
phosphate steel/coat

	
15.87

	
5.9 × 10−11

	
0.99

	
1.1 × 108

	
-

	
-

	
2.1 × 10−10

	
5.4 × 1010

	
-

	
-




	
phosphate steel with Ce3+/coat

	
16.34

	
2.7 × 10−11

	
1

	
3.5 × 109

	
-

	
-

	
1.4 × 10−10

	
3.6 × 1010

	
-

	
-




	
immersion after 14 days




	
phosphate steel/coat

	
12.44

	
3.2 × 10−11

	
1

	
3.9 × 109

	
-

	
-

	
8.7 × 10−11

	
1.3 × 1011

	
-

	
-




	
phosphate steel with Ce3+/coat

	
14.54

	
1.1 × 10−11

	
1

	
5.9 × 109

	
-

	
-

	
3.8 × 10−11

	
1.2 × 1011

	
-

	
-




	
immersion after 20 days




	
phosphate steel/coat

	
17.47

	
1.2 × 10−11

	
1

	
7.8 × 109

	
-

	
-

	
2.3 × 10−10

	
1.4 × 1011

	

	




	
phosphate steel with Ce3+/coat

	
15.39

	
6.4 × 10−12

	
1

	
2.6 × 1010

	
-

	
-

	
1.1 × 10−11

	
3.2 × 1011

	
-

	
-
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