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Abstract

:

In this study, a Fe-based amorphous metallic coating (AMC) was sealed with three sealants, i.e., stearic acid, aluminum phosphate and cerium salt, respectively. Two types of electrochemical tests, namely the ex situ electrochemical impedance spectroscopy test and the in situ potentiostatic polarization test, were conducted to evaluate the erosion–corrosion resistance of as-sprayed and as-sealed AMCs. The results show that the aluminum phosphate–sealed AMC exhibits the best erosion–corrosion resistance with the higher critical flow velocity compared with the as-sprayed AMC, which is attributed to the deep penetration of aluminum phosphate and high hardness of the sealed layer. In contrast, the sealants of stearic acid and cerium salt are easily removed by sand particle impacting, deteriorating their erosion–corrosion resistance.
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1. Introduction


Erosion–corrosion is defined as the deterioration process of material in multiphase flow environments, caused by the interaction between mechanical erosion and electrochemical/chemical corrosion and erosion [1]. It is one of the main reasons for the premature failure of flow-handling components. Therefore, preventing facilities from erosion–corrosion damage is highly demanded. The liquid–solid two-phase flow consisting of corrosive media and solid particles is one of the most common fluids causing erosion–corrosion. It has been proved by Wang et al. [2] and Zheng et al. [3] that Fe-based amorphous metallic coatings (AMCs) exhibited superior erosion–corrosion resistance for 304 stainless steel in the liquid–solid two-phase flow, due to their high hardness and good corrosion resistance. They could be, therefore, used as protective coatings against erosion–corrosion for flow-handling components [4]. However, some defects, such as pores and cracks, are inevitable when preparing Fe-based AMCs. Zhang et al. [5] pointed out that pore defects, especially the through-pores, deteriorated the long-term corrosion resistance of Fe-base AMC by providing a direct path for corrosive media diffusing to the substrate. Moreover, Shin et al. [6] revealed that the erosion rates of a plasma-sprayed thermal barrier coating increased with the porosity. Farmer et al. [7] also suggested that low porosity improved the coating’s erosion–corrosion resistance. It has been a consensus that pore defects are the key factor affecting corrosion resistance [5] and erosion–corrosion resistance [2] of AMCs.



As a post-treatment process, sealing treatment can reduce the porosity of Fe-based AMCs effectively and, hence, improve corrosion resistance, which is associated with the blocking of diffusion channels by sealants [8,9,10]. Wu et al. [11] revealed that corrosion of Fe-based AMC was inhibited after sealing treatment, using epoxy. Our previous work also reported superior corrosion resistance of Fe-based AMCs sealed by sol–gel methods with different cerium salts [8]. Up until now, almost all studies have focused on the effect of sealing treatments on the corrosion performance of Fe-based AMCs [8,9,10,11,12], but little attention has been paid to erosion–corrosion. The previous work has reported that higher corrosion resistance of a material or surface treatment under the static condition does not always correspond to higher erosion–corrosion resistance, due to the contribution of mechanical damage [13]. Therefore, the effect of sealing treatments on the erosion–corrosion of Fe-based AMCs needs further clarification.



Among the employed sealants, stearic acid has good shielding and hydrophobic properties [14,15,16], and the sealing process is simple. Zhang et al. [17] reported that the Al-based AMC sealed with stearic acid showed the best corrosion resistance compared to those sealed with potassium dichromate and nickel acetate. Aluminum phosphate with a low viscosity could permeate into the inner pores of the coating, so that deep-level sealing can be achieved [12,18,19,20]. Cerium salt is an environmentally friendly corrosion inhibitor which can provide effective protection for metals [21,22]. It has been used as the sealant for a coating to suppress the further corrosion of substrate in the case of corrosive media penetrating to the coating/substrate interface [23,24,25]. Accordingly, the present work employed the aforementioned three kinds of sealants (stearic acid, aluminum phosphate and cerium salt) to seal a Fe-based AMC, aiming at clarifying their effects on inhibiting erosion–corrosion of the coating.



There are some methods to evaluate the erosion–corrosion performance by using rotating disc electrode (RDE), rotating cylinder electrode (RCE), rotating ring electrode (RRE), flow loop and impingement jet equipment [3,26,27,28,29,30,31]. In this paper, a homemade RDE setup was used to simulate the liquid–solid two-phase flow environment composed of 3.5 wt.% NaCl and 2 wt.% sand [29]. Ex situ surface morphology observation, surface roughness characterization and electrochemical impedance spectroscopy (EIS) measurements were conducted after erosion–corrosion for a certain time. In addition, the critical flow velocity for erosion–corrosion was evaluated by in situ potentiostatic polarization in an impingement jet apparatus, which is also an indicator of erosion–corrosion resistance [27,31,32,33]. The effects of sealants on erosion–corrosion mechanisms were discussed, and this provided a theoretical basis for the selection of sealants for Fe-based AMCs in sand-containing seawater.




2. Experimental


2.1. Materials and the Preparation of Three Sealed Coatings


The Fe54.2Cr18.3Mo13.7Mn2.0W6.0B3.3C1.1Si1.4 (wt.%) AMC with high porosity was used in this study; it was sprayed by HVOF thermal spray technology. The powders were produced by argon atomized at a dynamic pressure of 7 MPa after heating to 1600 K, and the as-atomized powders ranging from 15 to 45 μm were sprayed onto the 10CrNi3MoV carbon steel substrate. The spraying parameters were as follows: the oxygen flow, kerosene flow and air flow were 252, 72 and 399 standard cubic feet, respectively; the spraying distance was 250 mm; the feed rate was 20 g/mm; and the traverse velocity was 800 mm/s [10]. The phase composition of the as-sprayed coating was identified by X-ray diffractometer (XRD, Rigaku D/max 2400), as shown in Figure 1. A broad peak of 2θ = 40–50° appears on the XRD spectrum of the as-sprayed coating, indicating the amorphous structure.



Prior to sealing treatment, the as-sprayed AMC was ground with rougher 240 grit abrasive papers, so as to improve the wettability between the coating and the sealant, and then it was degreased by alcohol, washed with distilled water and dried in air.








	(1)

	
Preparation of stearic acid–sealed AMC (SAS coating):









Firstly, stearic acid inside a beaker was heated above 85 °C, using a thermostatic water bath until, it was fully melted from a solid state into a liquid state. After that, Fe-based AMC was immersed into the above sealant for 1 h, followed by taking out. Finally, the excess sealant was removed from the surface by using 240 grit abrasive papers, until Fe-based AMC at the non-porous region was exposed.








	(2)

	
Preparation of aluminum phosphate–sealed AMC (APS coating):









It mainly utilized a series of reactions between aluminum hydroxide and phosphoric acid at different temperatures to form the aluminum phosphate sealant with a three-dimensional network structure in the coating defects [9,34,35,36]. In addition, ultrasonic excitation technology was used to promote more sealant to penetrate the inner pores of the coating. The details on the synthesis process of aluminum phosphate sealant and the preparation process of APS coating were described in our earlier work [9]. Similarly, this sealed coating was ground with 240 grit abrasive papers to remove the excess sealant on the coating surface.








	(3)

	
Preparation of cerium salt–sealed AMC (CSS coating):









The mixed solution consisting of 10 g/L Ce(NO3), 0.3 g/L H2O2 and 1 g/L H3BO3 was heated to 30 °C, using a thermostatic water bath. The Fe-based AMC was immersed in the above solution and kept at a constant temperature for 3 h. As such, the CSS coating was obtained.



All of the above chemicals were of analytical reagent grade, purchased from Sinopharm Group Shenyang Co., Ltd, China.




2.2. Evaluation of Erosion–Corrosion Resistance


Two types of electrochemical measurements, including the ex situ EIS test and the in situ potentiostatic polarization test, were used to evaluate erosion–corrosion resistance of the studied coatings. A homemade RDE setup was employed to simulate the erosion–corrosion environment [29], as shown in Figure 2, where the samples were fixed around the ring-like region of the disk, and then the disk was driven to rotate in the liquid–solid slurry by the motor. It was reported that the rotating disk could be well-matched with the hydrodynamic model; thus, it is appropriate to study the erosion–corrosion performance of the coating in the laboratory, using RDE [37]. The slurry was composed of 3.5 wt.% NaCl solution and 2 wt.% silica sand, and the relative flow velocity between slurry and samples was approximately 7 m/s. In addition, the angle of slurry impinged on the sample surface was nearly zero. The used sand was angular, with an average particle size of 152 μm. Unless specified, the erosion–corrosion tests in the following text are those conducted by using the rotating disc apparatus. After erosion–corrosion tests for 0, 0.5, 1.5, 3, 6 and 12 h, the coatings were taken out, washed with distilled water and dried in hot air, and then ex situ EIS measurements were conducted at the open-circuit potential in the frequency range from 100 kHz to 10 mHz, with a sinusoidal amplitude of 10 mV, using a Gamry Interface 1000 electrochemical workstation. A conventional three-electrode cell was applied, consisting of a saturated calomel electrode (SCE) as the reference electrode that was connected to the cell via a Luggin probe, a platinum counter electrode and a sample with an exposed area of 7 cm2 as the working electrode. Three parallel samples were measured to ensure reproducibility.



In situ potentiostatic polarization tests were carried out to further clarify the effect of the sealing treatment on the critical flow velocity for erosion–corrosion of Fe-based AMC; the tests were conducted by using an impingement jet apparatus, as shown in Figure 3 [32,33]. The slurry consisting of 3.5 wt.% NaCl solution and 2 wt.% sand jetted from a nozzle (3 mm in diameter), impacting on the sample surface with the impact angle of 90°, and the distance between the nozzle and sample surface was set as 5 mm. Similar to the RDE tests, the traditional three-electrode cell system was used, and the applied potential in the tests was set at 0 VSCE, at which all coatings were in the passive state [38]. The variation of flow velocity with impingement time during the impingement jet tests is shown in Figure 4.




2.3. Surface Characterization


The surface morphologies of four coatings before and after erosion–corrosion tests for different time were observed by scanning electron microscopy (SEM, FEI Inspect F) coupled with energy dispersive spectroscopy (EDS). The corresponding surface roughness before and after each erosion–corrosion test was examined by using a non-contact white-light interferometer (MicroXAM-1200).




2.4. Coating Characterization


In order to discuss the erosion–corrosion mechanism, micro-hardness along the depth of the polished cross-section of APS coating was carried out by a Vickers hardness tester (HV-1000) under the load of 300 g for 10 s. An average value of ten measurements for each position was used as the representative data. Meanwhile, the impact test with an impact resistance of 50 kg·cm was specially conducted on the tinplates painted with stearic acid, according to ISO 6272-2-2011, so that the fracture mode, brittle or ductile, can be recognized.





3. Results and Discussion


3.1. Surface Morphology


Figure 5 depicts the surface morphologies of the as-sprayed and sealed coatings before and after erosion–corrosion tests for 12 h. As seen in Figure 5a, there are some pores observed on the surface of the as-sprayed AMC. After sealing treatments, the coating surfaces become quite different. As for the SAS coating, the pores are well filled with stearic acid sealant, and the sealed layer inside the pores is smooth (Figure 5b). Although the pores of the coating treated by aluminum phosphate are also full of sealant, the sealed layer inside the pores looks similar to a honeycomb [9], as displayed in Figure 5c. In addition, the morphology of “dry-mud” appears on the CSS coating surface (Figure 5d), and it has been confirmed to be the cerium compound [39,40]. The presence of sealants inside the pores indicates that the porosity of coatings after three sealing treatments were reduced.



By comparing the surface morphologies of four coatings before and after erosion–corrosion tests, it can be found that corrosion products form on the as-sprayed AMC surface, indicating that corrosive media have penetrated to the coating/substrate interface [5,41], and the substrate beneath the coating is consequently corroded (Figure 5(a1)). Similar phenomena can be observed in the SAS coating (Figure 5(b1)) and CSS coating (Figure 5(d1)). On their surfaces, most of the sealants are removed after erosion–corrosion, and corrosion products are also detected. It is noticed that stearic acid exhibits good impermeability and hydrophobicity under static condition [17], but a large amount of this sealant is peeled off under erosion–corrosion. By contrast, the surface morphology of APS coating does not change significantly before and after erosion–corrosion tests for 12 h, and only a small amount of sealant is removed by the mechanical impact of sand, as indicated by the red-line zones in Figure 5(c1). As described above, resistance to the removal of sealants for three sealed coatings during erosion–corrosion is decreased in the order of APS coating, SAS coating and/or CSS coating. Consequently, the three sealing treatments have different effects on the erosion–corrosion of the as-sprayed AMC, as is proved later in the paper.




3.2. Three-Dimensional Roughness


The surface roughness of the as-sprayed and sealed coatings before and after erosion–corrosion tests for 12 h is visualized by three-dimensional roughness images, as presented in Figure 6. It is clear that the coating itself presents a light yellow color, whereas the pores in the coating appear to be yellowish-brown color. The darker the color, the deeper the pore; the greater the number of areas with a dark color, the higher the coating porosity. As seen in Figure 6a, the as-sprayed AMC surface is non-uniform, including a big pore and some relatively small pores, and thus is in good agreement with the surface morphology (Figure 5a). After stearic acid (Figure 6b) and aluminum phosphate (Figure 6c) sealing treatments, the fluctuations of the coating surface roughness are significantly alleviated, judged by the change of color. It indicates that the pores on the surface of the as-sprayed AMC are filled with the sealants of stearic acid or aluminum phosphate, leading to the reduction of roughness. On the contrary, the shrinkage of cerium salt during curing results in a “dry-mud” morphology (Figure 5d), making it difficult to fill the big pores. As a result, some pores are still identified, although the coating porosity is decreased to some extent (Figure 5d and Figure 6d). After exposure to the slurry for 12 h, the variations of surface roughness for the as-sprayed AMC (Figure 6(a,a1)), SAS coating (Figure 6(b,b1)) and CSS coating (Figure 6(d,d1)) are relatively noticeable, as compared to APS coating (Figure 6(c,c1)). It indicates that APS coating can resist the impact of sand particles to a certain extent and show the best erosion–corrosion resistance, as is consistent with the SEM results (Figure 5).




3.3. EIS Tests


Figure 7 shows the EIS plots of the as-sprayed and sealed coatings before and after erosion–corrosion tests for 12 h. As illustrated in Figure 7, both the radius of the capacitance arc (Figure 7a) and the impedance values at 0.01 Hz (Figure 7b) for three sealed coatings were increased after the sealing treatments, indicating the improvement of corrosion resistance [42,43]. Such an improvement can be attributed to the reduction of the coating porosity induced by the sealing treatment, since pores in the coating usually act as the initiation sites for corrosion [11,41]. After erosion–corrosion for 12 h, the radius of the capacitance arc (Figure 7(a1)) and impedance values at 0.01 Hz (Figure 7(b1)) for the SAS and APS coatings were reduced, but they were still higher than those of the as-sprayed AMC. Meanwhile, the difference in the Nyquist plots between the CSS coating and the as-sprayed AMC is less noticeable. The evolution of phase angle plots is also changed in comparison with that in the static condition, except for the APS coating (Figure 7(c,c1)).



As seen in Figure 7, the as-sprayed AMC exhibits three time constants during the whole exposure period of slurry erosion, so the equivalent circuit A is employed (Figure 8a). In this model, Rs is the solution resistance, Rout and Qout are the resistance and capacitance of the outer porous layer, Rin and Qin are the resistance and capacitance of the inner layer with relatively low porosity, and Rct and Qdl are the charge transfer resistance and the capacitance of double-layer between the interface of coating and substrate. In the case of APS coating, although a small amount of sealant is peeled off from the coating surface after erosion–corrosion for 12 h, the residual sealant would continue to act as a barrier layer against erosion–corrosion. Therefore, the equivalent circuit B (Figure 8b), with two time constants, is more suitable for fitting the EIS spectra of APS coating before and after erosion–corrosion for different time. Two Rout/Qout and Rin/Qin components represent the outer and inner layer resistance and capacitance of this sealed coating, respectively. Similarly, equivalent circuit B is used to fit the EIS plots of SAS coating in the initial stage of erosion–corrosion (0–3 h). However, it is no longer suitable as the erosion–corrosion test exceeds 3 h. In these cases, equivalent circuit A with three time constants is used instead of equivalent circuit B. Compared with the other two sealed coatings, the “dry-mud” sealed layer formed on the Fe-based AMC (CSS coating) surface could decrease the diffusion rate of corrosive media into the coating, but at the same time, the corrosive media can infiltrate into the coating along the cracks. Therefore, equivalent circuit A, with three time constants, is more suitable for fitting the EIS plots of CSS coating. The fitting results show that the chi-squares of all fittings are small, demonstrating good fitting quality and reliable fitted parameters [44].



The variations of coating resistance Rcoat (Rcoat = Rout + Rin) after erosion–corrosion are used to quantitatively evaluate the erosion–corrosion resistance of four coatings, as displayed in Figure 9. The Rcoat values of APS coating tend to be relatively stable during the entire erosion–corrosion tests, and this results from the better shielding effect of the sealed layer. As shown in Figure 5(c,c1), the pore defects, even some inner pores of the APS coating, are sealed with aluminum phosphate [9,10,12], so the compact outer layer and/or inner layer can impede corrosive media penetration and sand particle impacting. Moreover, it is apparent that the APS coating shows high Rcoat values as compared to the other three coatings, especially after long erosion–corrosion tests. The corrosion resistance of the SAS coating is better than that of the APS coating under static condition (Figure 7b), but the Rcoat values decrease significantly after erosion–corrosion (Figure 9), indicating a reduction in erosion–corrosion performance. For the CSS coating, the Rcoat values are higher than those of the as-sprayed AMC within the first 1.5 h of erosion–corrosion. With erosion–corrosion tests over 1.5 h, the fluctuations of Rcoat values are almost the same as those of the as-sprayed AMC. It means that the cerium salt sealant is completely peeled off, and CSS coating has lost its inhibitory effect on erosion–corrosion. In conclusion, the APS coating exhibits the highest resistance to erosion–corrosion, followed by the SAS and CSS coatings. This is in good agreement with the results of the surface analysis.




3.4. Critical Flow Velocity


It has been proved by Zheng et al. [3] and Yi et al. [31] that the critical flow velocity for erosion–corrosion is an effective parameter to evaluate the erosion–corrosion resistance of passive materials. In order to further investigate the effect of aluminum phosphate sealing treatment on the erosion–corrosion of Fe-based AMC, the critical flow velocity of APS coating was carried out by in situ potentiostatic polarization tests, using an impingement jet apparatus. Figure 10 shows the variations of current density for the as-sprayed and APS coatings with the flow velocity. At first, the fluctuations of current density for the as-sprayed AMC keep within a low amplitude. However, as the flow velocity exceeded 11 m/s, the current density increased rapidly and then kept on rising with the flow velocity. In general, the flow velocity at which the current density starts to increase sharply can be defined as the critical flow velocity [45]. Accordingly, the critical flow velocity for the as-sprayed AMC is 11 m/s. For the APS coating, the current density is almost constant when the flow velocity is below 13 m/s. Taking the same criterion, the critical flow velocity for the APS coating can be determined as 13 m/s. Zheng et al. [3,13,45] showed that a higher critical flow velocity corresponded to the better erosion–corrosion performance of passive materials. Therefore, it can be concluded that the erosion–corrosion resistance of APS coating is superior to that of the as-sprayed AMC. It demonstrates that a suitable sealing treatment can improve the erosion–corrosion resistance of Fe-based AMC.





4. Discussion


Three sealants were chosen to seal the Fe-based AMC in this study. In the process of sealing treatments, the Fe-based AMC acts as the “substrate” to be sealed. The structure and composition of this “substrate” for the three sealed coatings are nearly the same, so the differences in erosion–corrosion performance are mainly caused by the sealing effect and the nature of sealants themselves. The sealing effect dominates the shielding performance of the coatings against the penetration of corrosive media, while the nature of the sealants determines their resistance against the mechanical impact of sand. Accordingly, the erosion–corrosion mechanisms of the sealed coatings are discussed from the aforementioned two aspects.



As shown in Figure 5b, Figure 6b and Figure 7, the SAS coating had the best sealing effect and the best corrosion resistance before the erosion–corrosion tests. A related study has also pointed out that stearic acid–sealed AMC displayed superior corrosion resistance compared to potassium dichromate–sealed AMC and nickel acetate–sealed AMC [17]. The results in this case are associated with the good impermeability and hydrophobicity of the stearic acid–sealed layer [14,15,16]. However, the results of the SEM (Figure 5(b1)) and surface roughness (Figure 6(b1)) show that a large amount of stearic acid sealant fell off after erosion–corrosion for 12 h. In order to further prove that stearic acid easily falls off under erosion–corrosion, the impact test was carried out on the stearic acid–coated tinplate, as shown in Figure 11. As seen in Figure 11(a,a1), the sealant at the impact point is completely broken when the thickness of the stearic acid film is around 20 μm, and severe cracking and exfoliation are observed on the sealed film’s surface when the sealed film is relatively thick, with a thickness around 50 μm (Figure 11(b,b1)). Researchers found that transverse or radioactive cracks would be formed on the surface of brittle material to absorb the energy brought by particle impacting [32,46]. Therefore, it can be reasonably deduced that the stearic acid sealant is brittle, and it is prone to be removed under erosion–corrosion. As a result, the deteriorated sealing effect weakens the erosion–corrosion performance of SAS coating (Figure 9). Moreover, it should be noted that, even though stearic acid falls off under the impact of sand, the presence of residual sealant inside the pores still plays a certain role in hindering the ingress of corrosive media. EDS mapping shown in Figure 12 confirms the existence of residual stearic acid, and the electrochemical test (Figure 7 and Figure 9) confirms that the erosion–corrosion resistance of the SAS coating is better than that of the as-sprayed AMC during erosion–corrosion.



For the aluminum phosphate sealing treatment (APS coating), a series of reactions between aluminum hydroxide and phosphoric acid at different temperatures occur to form the honeycomb-like aluminum phosphate sealant, accumulating in the coating defects [9,34,35,36], as shown in Figure 5c. As a result, the corrosion resistance of the APS coating is better than that of the as-sprayed AMC, but inferior to that of the SAS coating under static condition (Figure 7). In general, sealants are susceptible to flaking off by sand impacting, as compared to Fe-based AMC, which has high hardness. However, the micro-hardness of the sealed layer is also a key factor. Figure 13 presents the micro-hardness of APS coating along the cross-section from the near-surface of this coating to the substrate. The micro-hardness of the sealed coating is around 800 HV0.3, whereas the micro-hardness of the as-sprayed AMC is about 620 HV0.3. The coating porosity has a negative role in the micro-hardness of the coatings [4]. The micro-hardness of the as-sprayed AMC with high porosity is relatively low compared with that reported in References [2,46]. However, the micro-hardness of the coating is improved by aluminum phosphate sealing treatment. It has been reported that the micro-hardness affects the erosion–corrosion of the coating [2,4,47,48,49]. The high micro-hardness of the aluminum phosphate–sealed layer can resist the impact of sand particles to some extent. There is only a small amount of aluminum phosphate peeled off after erosion–corrosion for 12 h, as indicated by the red-line zones in Figure 5(c1).



In most cases, it is difficult for the sealant to diffuse in the narrow and winding paths of the as-sprayed AMC. However, in this study, aluminum phosphate with a low viscosity can penetrate into the inner pores of the coating with the aid of ultrasonic energy [9,50,51]. Ultrasonic excitation decreases the opposite resistance caused by the air inside the coating defects and reduces the viscosity of the aluminum phosphate by providing some low-intensity cavitation. It promotes greater penetration of the sealant into the micro-pores and micro-cracks of the coating. The deep penetration of aluminum phosphate blocks the diffusion pathways of corrosive media [9,50], and the reduction in coating porosity also leads to the increase of coating hardness [7,10,52,53]. There were no corrosion products observed on the surface of the APS coating after erosion–corrosion, as presented in Figure 5(c1). This suggests that the diffusion pathways are still blocked by aluminum phosphate. The transport of corrosive media is restricted at a low diffusion rate, which results in the highest Rcoat values during erosion–corrosion (0.5–12 h). In a word, it can be concluded that both the high micro-hardness and blocking effects of the aluminum phosphate sealing treatment could be responsible for the superior erosion–corrosion resistance of the APS coating.



The cerium salt sealing treatment is based on a two-step process of dissolution and precipitation [21,24,54,55]. The occurrence of anodic and cathodic reactions during cerium salt sealing leads to the precipitation of Ce(OH)3 on the as-sprayed AMC surface [10]. As shown in Figure 5d, a sealed layer with a dry-mud appearance is covered on the coating’s surface; that is, the transport channel of corrosive media is not completely closed. The corrosive media could penetrate into the coating through the cracks of the sealed layer and parts of unsealed pores at the beginning. As a consequence, the corrosion resistance of the CSS coating is worse than that of the other sealed coatings (Figure 7). During erosion–corrosion, the mechanical impact of sand leads to the removal of the surface sealed layer (Figure 5(d1)). The re-exposed pores provide the diffusion pathways for corrosive media penetration through the coating; meanwhile, the erosion would accelerate the diffusion rate of corrosive media into the coating. The resulting Rcoat values of the CSS coating are, therefore, as low as those of the as-sprayed AMC after 1.5 h of erosion–corrosion (Figure 9), and corrosion products are observed on the coating surface (Figure 5(d1)).



Based on the analyses above, it can be confirmed that the APS coating presents a superior erosion–corrosion performance as compared to the other three coatings, and this sealant could be a good choice for porous coating applications in sand-containing seawater. In contrast, SAS coating exhibited the best corrosion resistance among the four coatings only under static condition; therefore, it could be recommended for sealing porous coatings that serve in static conditions. The cerium salt–sealed layer can be easily removed by the impact of sand, so the CSS coating exhibits the worst erosion–corrosion performance.




5. Conclusions


The pore defects and surface roughness of Fe-based AMC were reduced after sealing treatments. The SAS coating showed the best corrosion resistance under static condition, followed by the APS coating, CSS coating and the as-sprayed AMC. Most of the sealants on the SAS coating and CSS coating surfaces under erosion–corrosion peeled off, while only a small amount of aluminum phosphate was removed. Therefore, the APS coating exhibited the best erosion–corrosion performance, which is due to the combination of the deep penetration of the sealant and the high hardness of the sealed layer. Moreover, the critical flow velocity of the Fe-based AMC after the aluminum phosphate sealing treatment was increased from 11 to 13 m/s.
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Figure 1. XRD pattern of the as-sprayed Fe-based AMC coating. 
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Figure 2. (a) Schematic diagram of homemade rotating disc electrode (RDE): (1) motor, (2) bolt, (3) rotating disk, (4) baffle, (5) water trough, (6) bracket of water trough, (7) jack, (8) water inlet, (9) circular cooling water, (10) water outlet and (11) cooling device. (b) Schematic diagram of rotating disk: (1) disk, (2) bolt, (3) specimen, (4) plastic mat and (5) nylon clamp. Schematic diagram of (c) specimen. (d) Digital picture of homemade RDE. 
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Figure 3. (a) Schematic diagram and (b) digital picture of the jet impingement apparatus for erosion–corrosion. (1) Control cabinet; (2) frequency converter; (3) motor; (4) lobular pump; (5) stirring pump; (6,7) valves; (8) screw elevator; (9) thermocouple I; (10) impingement cabinet; (11) impingement angle meter; (12) electromagnetic flowmeter; (13) nozzle; (14) reference electrode; (15) counter electrode; (16) pH meter probe; (17) sample (working electrode); (18) valve; (19) thermocouple II; (20) overflow tube; (21) slurry container; (22) cooling water; (23) heater; (24) electrochemical workstation; and (25) computer. 
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Figure 4. Variation of flow velocity versus impingement time. 
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Figure 5. SEM morphologies of (a,a1) as-sprayed AMC, (b,b1) SAS coating, (c,c1) APS coating and (d,d1) CSS coating (a–d) before and (a1–d1) after erosion–corrosion tests for 12 h by 3.5 wt.% NaCl solution containing 2 wt.% sand. 
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Figure 6. Three-dimensional surface roughness of (a,a1) as-sprayed AMC, (b,b1) SAS coating, (c,c1) APS coating and (d,d1) CSS coating (a–d) before and (a1–d1) after erosion–corrosion tests for 12 h by 3.5 wt.% NaCl solution containing 2 wt.% sand. 
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Figure 7. EIS plots of four coatings (a–c) before and (a1–c1) after erosion–corrosion tests for 12 h by 3.5 wt.% NaCl solution containing 2 wt.% sand. (a,a1) Nyquist plots, (b,b1) Bode impedance magnitude plots and (c,c1) Bode phase angle plots. 
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Figure 8. General model of the equivalent circuits used to fit the EIS data. (a) Equivalent circuit A, (b) Equivalent circuit B. 
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Figure 9. Variations of the resistance Rcoat for four coatings before and after erosion–corrosion for different time. 
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Figure 10. Records of the current density for the as-sprayed and APS coatings at 0 VSCE with increasing the flow velocity. 
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Figure 11. Photos of stearic acid-coated tinplate (a,b) before and (a1,b1) after the impact test: (a,a1) the sealed film with a thickness of around 20 μm, and (b,b1) the sealed film with a thickness of around 50 μm. 
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Figure 12. SEM micrograph and EDS elemental mapping of SAS coating surface after erosion–corrosion tests for 12 h by 3.5 wt.% NaCl solution containing 2 wt.% sand. 
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Figure 13. Micro-hardness of APS coating along the cross-section from the near-surface of this coating to the substrate. 
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