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Abstract

:

The addition of superelastic NiTi particles is a great benefit to the toughness of the Ni-P coating. Nonetheless, NiTi nanopowder costs 10 times more than Ti nanopowder. Therefore, in the present study, to reduce the cost, Ni-P-NiTi composite coatings were prepared on AISI 1018 steel substrates by the electroless incorporation of Ti nanoparticles into Ni-P followed by the annealing of Ni-P-Ti coatings. The effect of the formation of a superelastic NiTi phase on static and dynamic corrosion performance was investigated. It was found that the annealed Ni-P-Ti coating (i.e., Ni-P-NiTi coating) has much higher static corrosion resistance than the as-deposited Ni-P coating. The dynamic corrosion rates in the absence of abrasive particles are 10 times higher than the static corrosion rates of the coatings. The dynamic corrosion rates in the presence of abrasive particles are one order of magnitude higher than the dynamic corrosion rates in the absence of abrasive particles. The formation of a superelastic NiTi phase considerably improved the static and dynamic corrosion performance of the Ni-P coating. In the absence of abrasive particles under flowing condition, the dynamic corrosion resistance of the annealed Ni-P-Ti coating (i.e., Ni-P-NiTi coating) is 19 times higher than that of the as-deposited Ni-P coating. In the most aggressive environment (in the presence of abrasive particles), the dynamic corrosion resistance of the annealed Ni-P-Ti coating (i.e., Ni-P-NiTi coating) is four times higher than that of the as-deposited Ni-P coating. The annealed Ni-P-Ti coating (i.e., Ni-P-NiTi coating) can be used in applications where high corrosion resistance is required, especially in an extremely aggressive environment.
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1. Introduction


Low-carbon steels have been extensively used in construction, automotive, and the oil and gas industries due to their low cost and wide availability [1]. However, the corrosion resistance of low-carbon steels is inadequate to withstand a corrosive environment. For example, in the oil and gas industry, material degradation caused by corrosion is a severe problem especially in the presence of abrasive particles (i.e., sands or other solid particulates) [2]. For instance, the impacts of abrasive particles produce a strained surface that is highly vulnerable to corrosion due to the high energy of the surface [3]. Furthermore, under static condition, an oxide passive layer is formed on the surface, which prevents the steels from further corrosion [4]. In the presence of abrasive particles, the impacts of abrasive particles remove the oxide layer and expose a vulnerable fresh surface to the corrosive environment [5]. Due to these factors, the presence of abrasive particles significantly accelerates corrosion rate. To protect the steels from corrosion, various coatings have been developed. However, each of those coatings has their limitations. In addition to their low hardness, polymer-based coatings cannot withstand thermal and impact damage during assembly and operation processes [6], and epoxy-based coatings are not capable of resisting certain chemicals in crude oil, especially in the presence of abrasive particles [7]. Therefore, it is necessary to develop a protective coating that provides the highest protection to the steels against the corrosive environment.



Electroless Ni-P has been utilized in some industries as a protective coating owing to its high hardness and good corrosion resistance [8,9,10]. Therefore, an electroless Ni-P coating is a potential material to protect low-carbon steels from corrosion. However, the electroless Ni-P coating tends to readily crack under load or during impact due to its low toughness [11]. One way to improve the toughness of Ni-P coating is by the addition of nano-size superelastic NiTi particles. NiTi alloy is known for its high toughness and impact resistance [12]. Nevertheless, the high price of superelastic NiTi powder restricts its application. Since the price of nano-size Ti powder is 10 times lower than that of NiTi powder, Ti nano powder is a more attractive alternative. Therefore, in the present study, to reduce the cost, Ni-P-NiTi composite coatings were prepared by incorporating Ti nanoparticles into the Ni-P matrix followed by the annealing of Ni-P-Ti coatings. The formation of superelastic NiTi phase after annealing considerably improved the toughness of Ni-P coating, as confirmed in our previous study [13]. In addition, the adhesion between the coating and the steel substrate was also improved, as verified in another study [14]. However, the corrosion resistance of Ni-P-NiTi coatings has not been comprehensively studied.



There are still some disagreements on the effect of particles addition on the static corrosion resistance of Ni-P coatings in still 3.5 wt % sodium chloride solutions. Some researchers found that the addition of particles could improve the corrosion performance of Ni-P coatings. For example, Zahra et al. found that the incorporation of ZnO particles into Ni-P matrix improved the corrosion resistance of Ni-P coating in a still 3.5 wt % sodium chloride solution [15]. Ghavidel et al. also reported that the addition of SiC particles is of great benefit to corrosion resistance of Ni-P coating [16]. On the other hand, other researchers reported that the incorporation of particles undermined the corrosion resistance of Ni-P coating. For instance, Li et al. reported that the addition of Al2O3 particles weakened the corrosion performance of Ni-P coating [17]. In addition, Dhakal et al. found that Ni-P-TaC coating exhibited a higher corrosion rate than Ni-P coating [18]. Therefore, it is still of great interest to investigate the static corrosion performance and mechanisms of Ni-P based composite coatings. The corrosion resistance of a protective surface coating plays a crucial role during operation, especially in an extremely aggressive environment (in the presence of corrosive species and abrasive particles). High strain surface caused by impacts of abrasive particles is more susceptible to the corrosive environment [19]. Additionally, cracking and fracture during impact may reduce the lifetime of the protective coatings and expose the vulnerable steel substrate to the corrosive environment [20]. Protective coatings may have high corrosion resistance in a still corrosive solution, while they may not be able to resist a dynamic corrosive solution, especially in the presence of abrasive particles in the solution. Sun et al. reported that the corrosion rate was significantly increased by the single particle erosion [21]. To the best of the author’s knowledge, the dynamic corrosion performance (in the absence and presence of abrasive particles under flowing condition) of Ni-P-NiTi coatings has not been previously studied.



The main objective is to investigate the effect of the formation of superelastic NiTi particles on the static and dynamic corrosion performance of Ni-P coating. Static corrosion tests were performed on as-deposited and annealed Ni-P and Ni-P-Ti coatings in a still sodium chloride solution. Dynamic corrosion tests (in the absence and presence of abrasive particles) were conducted in a sodium chloride solution under flowing condition. The performance of as-deposited and annealed Ni-P and Ni-P-Ti coatings under static and dynamic corrosion conditions was compared. The corrosion mechanisms under different conditions were investigated.




2. Materials and Methods


2.1. Coating Preparation


AISI 1018 steel coupons (18 mm × 10 mm × 6 mm) were employed as substrates. Prior to electroless plating, the steel substrates were pretreated to acquire good surface finish and remove oxide layer, grease, and debris. Grinding, polishing, alkali, and acid solutions clean were implemented on the substrates in sequence. The grinding was carried out using four different grit silicon carbide papers (240, 320, 400, and 600). The polishing was performed using three different sizes of diamond polishing solutions (9 μm, 3 μm, and 1 μm). Then, polished substrates were submerged in a heated alkali solution at 85 °C for 5 min. The alkali solution consists of 30 g/L sodium phosphate, 50 g/L sodium carbonate, and 30 g/L sodium hydroxide. Then, the alkali cleaned substrates were immersed in a 20 vol% sulfuric acid solution for 15 s. Between each pre-treatment step, the substrates were thoroughly rinsed using distilled water.



Electroless plating solutions were made from two commercial chemical solutions. One comprises 20 wt % NiSO4 as a nickel source, and the other consists of 25 wt % NaPO2H2 as a reducing agent. Then, 1 g of Ti powder was added into a 1 L plating solution. The spherical Ti particles exhibit a bimodal particle size distribution. One major size is approximately 50 nm; the other is approximately 5 μm [22]. The temperature and pH of the plating solutions were monitored using a thermometer and a pH meter and maintained at 88 ± 2 °C and 4.7 ± 0.1, respectively. During electroless plating, to keep Ti particles suspended in the solution, a magnetic stirring (5 s−1) was applied. The plating time depends on the coating thickness (approximately 50 μm), which ranged from 4 to 6 h [13]. Ni-P and Ni-P-Ti coatings were annealed in a vacuum furnace (1 × 10−5 Torr) at 650 °C for 2 h. The nominal heating and cooling rates were set to 20 °C/min.




2.2. Static Corrosion Test


Static corrosion tests were conducted on as-deposited and annealed coatings in a 3.5 wt % sodium chloride solution at room temperature using the potentiodyanmic polarization (PP) technique. The PP tests were performed using a PAR 273A potentiostat controlled by a Scribner software, CorrWare. A three-electrode cell was utilized consisting of a coated sample as a working electrode, a saturated calomel electrode (SCE) as a reference electrode, and a platinum (net shape) as a counter electrode. Then, 1 cm2 of the coated surface was exposed to the electrolyte. Prior to each PP test, the samples were maintained in an open circuit state for 2 h to obtain a steady state. In the case of PP tests, a potential range from −0.25 to + 0.25 V vs. the open circuit potential was employed with a scan rate of 0.167 mV/s. PP tests were performed on three samples to confirm the repeatability and reproducibility. The testing results were averaged, and the standard deviations were used as error bars. The surfaces of samples before and after static corrosion tests were examined using scanning electron microscope (SEM). The accelerating voltage and current for SEM were 15 kV and 15 μA, respectively.




2.3. Dynamic Corrosion Test


Dynamic corrosion tests were performed in a slurry pot corrosion tester. Figure 1 shows a schematic of the slurry pot corrosion tester. The tester consists of a 4 L glass vessel, a neoprene-lined impeller, and a three-electrode cell. The impeller is driven by a motor to impel the slurry against the sample surface. The other faces of the specimen were covered with epoxy except for the testing surface. Then, the covered specimen was mounted in the sample holder for dynamic corrosion tests. The uncovered surface area of 1.8 cm2 was exposed to abrasive slurry. The abrasive slurry consists of 35 wt % AFS 50–70 silica sand and 3.5 wt % sodium chloride solution. The mean size of the abrasive particles ranges from 200 to 300 μm [23]. The normal impact velocity during the test is 0.26–2.21 m/s at an impeller speed of 900 rpm [24]. The potentiodyanmic polarization technique was employed to conduct dynamic corrosion tests in the absence of abrasive particles and in the presence of abrasive particles under flowing condition (900 rpm) in a 3.5 wt % sodium chloride solution. Prior to each PP test, the samples were maintained in an open circuit state for 2 h to obtain a steady state in the still abrasive solution. The three-electrode cell connected to a Gamry PC4/750 potentiostat allows for electrochemical tests, which includes a platinum (plate shape) as a counter electrode, a sample as a working electrode, and a saturated calomel electrode (SCE) as a reference electrode. A potential range from −0.25 to +0.25 V vs. the open circuit potential was employed with a scan rate of 0.167 mV/s. The dynamic corrosion tests were repeated twice to confirm the repeatability and reproducibility. The testing results were averaged, and the standard deviations were employed as error bars. After dynamic corrosion tests, the surfaces of tested samples were examined using SEM. The accelerating voltage and current for SEM were 15 kV and 15 μA, respectively.





3. Results and Discussion


3.1. Coating Characterization


The corresponding Ti content in composite coating for 1g/L Ti powder in electroless plating solution is 5.1 wt % [13]. The XRD results of as-deposited Ni-P and 5.1 wt % Ti coatings have been discussed in our previous study [25]. As-deposited Ni-P and 5.1 wt % Ti coatings both exhibited amorphous Ni peaks, and the as-deposited 5.1 wt % Ti coating also contained low-intensity Ti XRD peaks [25]. In another study [13], we reported the XRD results of annealed Ni-P and 5.1 wt % Ti coatings. Highly preferred (200) orientation is observed in the XRD patterns of annealed Ni-P coating [13]. The formation of austenite NiTi phase in the annealed 5.1 wt % Ti coating is verified by slow scan XRD as well as point and line scan EDS [13]. Furthermore, the superelastic effect of NiTi phase in the annealed 5.1 wt % Ti coating is confirmed by nanoindentation tests [26]. Hence, in the rest of the manuscript, the as-deposited 5.1 wt % Ti coating is referred to as as-deposited Ni-P-Ti coating. After annealing, annealed 5.1 wt % Ti coating is referred to as annealed Ni-P-Ti coating (i.e., Ni-P-NiTi coating).




3.2. Static Corrosion Behavior


Static corrosion tests were conducted on as-deposited and annealed coatings in a still 3.5 wt % sodium chloride solution. The representative potentiodynamic polarization curves of AISI 1018 steel substrate, as-deposited, and annealed coatings are shown in Figure 2. Compared to AISI 1018 steel substrate, as-deposited and annealed coatings have much higher potential. This indicates that the as-deposited and annealed coatings have a lower corrosion tendency than the steel substrate.



The corrosion current density (icorr) and corrosion potential (Ecorr) were extracted from polarization curves (Figure 2) using Tafel extrapolation. Corrosion characteristics of AISI 1018 steel substrate, as-deposited, and annealed coatings are given in Table 1. The corrosion current of as-deposited Ni-P coating is one order of magnitude lower than AISI 1018 steel due to its amorphous microstructure and the formation of a passive NiO layer [25,27]. Compared to the as-deposited Ni-P coating, the as-deposited Ni-P-Ti coating exhibits much lower corrosion current, which is only one-third that of the as-deposited Ni-P coating. A similar trend is observed on annealed coatings; the corrosion current of an annealed Ni-P-Ti coating is only one-third that of the annealed Ni-P coating. Furthermore, the corrosion currents of annealed coatings are slightly higher than those of as-deposited coatings.




3.3. Dynamic Corrosion in the Absence of Abrasive Particles


Dynamic corrosion tests in the absence of abrasive particles were performed in a 3.5 wt % sodium chloride solution under a flowing condition (900 rpm) up to 2 h. Figure 3 shows the representative potentiodynamic polarization curves of AISI 1018 steel substrate, as-deposited coatings, and annealed coatings in the absence of abrasive particles under a flowing condition (900 rpm). It is observed that the as-deposited and annealed coatings display much higher corrosion potential than the steel substrate. This suggests the lower corrosion tendency of the coatings than that of the steel substrate.



The corrosion current density (icorr) and corrosion potential (Ecorr) were extracted from polarization curves (Figure 3) using Tafel extrapolation. Dynamic corrosion characteristics of AISI 1018 steel substrate, as-deposited coatings, and annealed coatings in the absence of abrasive particles under a flowing condition (900 rpm) are given in Table 2. Compared to static corrosion (Table 1), the dynamic corrosion currents are much higher. For example, for as-deposited Ni-P coatings, the average dynamic corrosion current is 33.5 μA/cm2, which is 33 times that of the static corrosion current (Table 1: 1.07 μA/cm2). The as-deposited Ni-P-Ti coating exhibits a lower dynamic corrosion current than the as-deposited Ni-P coating. Similar to as-deposited coatings, the dynamic corrosion current of the annealed Ni-P-Ti coating is lower than that of the annealed Ni-P coating. The annealed Ni-P-Ti coating displays the lowest dynamic corrosion current (1.8 μA/cm2) among all the tested coatings, which is only 5% of the dynamic corrosion current of the as-deposited Ni-P coating (33.5 μA/cm2).




3.4. Dynamic Corrosion in the Presence of Abrasive Particles


To study the influence of abrasive particles on the corrosion behavior of coatings, potentiodynamic polarization tests were conducted in a 3.5 wt % NaCl solution in the presence of abrasive particles under a flowing condition (900 rpm) up to 2 h. Representative potentiodynamic polarization curves of AISI 1018 steel substrate, as-deposited coatings, and annealed coatings in the presence of abrasive particles under a flowing condition (900 rpm) are shown in Figure 4. It is observed that as-deposited and annealed coatings exhibit much higher corrosion potential than AISI 1018 steel substrate, which suggests the lower corrosion tendency of the coatings in the presence of abrasive particles under a flowing condition.



Using Tafel extrapolation, the corrosion potential (Ecorr) and corrosion current density (icorr) were extracted from potentiodynamic polarization curves. Corrosion characteristics of AISI 1018 steel substrate, as-deposited coatings, and annealed coatings in the presence of abrasive particles under a flowing condition (900 rpm) are given in Table 3. The dynamic corrosion currents in the presence of abrasive particles are much higher than the dynamic corrosion currents in the absence of abrasive particles (Table 2). In the presence of abrasive particles under a flowing condition, the dynamic corrosion current of the as-deposited Ni-P coating is only 54% of that of AISI 1018 steel due to its high hardness and corrosion resistance. Compared to the as-deposited Ni-P coating, the as-deposited Ni-P-Ti coating exhibits lower dynamic corrosion current due to its higher toughness to resist impacts. Similarly, the dynamic corrosion current of annealed Ni-P-Ti is lower than that of the annealed Ni-P coating. In addition, the annealed Ni-P coating shows a lower dynamic corrosion current compared to the as-deposited Ni-P coating due to its improved toughness after crystallization to withstand impacts. The annealed Ni-P-Ti coating also shows a lower dynamic corrosion current than the as-deposited Ni-P-Ti coating due to the formation of NiTi phase after annealing. NiTi alloy is known for its high impact and corrosion resistance [28,29]. Therefore, the presence of NiTi in other composites can improve their impact and corrosion resistance, as confirmed by other studies [30,31]. The lowest dynamic corrosion current is achieved on an annealed Ni-P-Ti coating among all the tested samples, which is only 25% of the as-deposited Ni-P coating.




3.5. Comparison between Static and Dynamic Corrosion


Corrosion is sensitive to environment; materials in different environments may have different performance. To investigate the corrosion behavior of as-deposited and annealed coatings, corrosion tests were carried out under different conditions, including static corrosion, dynamic corrosion in the absence of abrasive particles, and dynamic corrosion in the presence of abrasive particles using potentiodynamic polarization in 3.5 wt % sodium chloride solutions. The corrosion current density (icorr) and corrosion potential (Ecorr) were extracted from polarization curves using Tafel extrapolation. The corrosion rate (CR: mm/year) was calculated according to ASTM G102 [31]:


  C R =    i  c o r r     × E W  D  × 3.27 ×   10   − 3    



(1)




where EW is the equivalent atomic weight, D is the density of the coatings (g/cm3), and icorr is expressed as μA/cm2.



The corrosion rates of as-deposited and annealed Ni-P and Ni-P-Ti coatings under different conditions are given in Table 4. The static corrosion resistance of annealed coatings is slightly lower than that of as-deposited coatings (Table 4). For example, the average static corrosion rate of annealed Ni-P-Ti coating is 3.60 × 10−2 mm/year, which is slightly higher than that of as-deposited Ni-P-Ti coating (2.90 × 10−2 mm/year). This is mainly due to the presence of grain boundaries as a result of crystallization after annealing, which are vulnerable sites for corrosion [32]. However, the static corrosion rate of the annealed Ni-P-Ti coating (3.60 × 10−2 mm/year) is only 39% that of the as-deposited Ni-P coating (9.02 × 10−2 mm/year). This suggests that the annealed Ni-P-Ti coating still has much higher static corrosion resistance than the as-deposited Ni-P coating.



Compared to static corrosion rates, the dynamic corrosion rates in the absence of abrasive particles under flowing condition (900 rpm) are one to two orders of magnitude higher (Table 4). This is mainly because of the flowing condition. The flowing sodium chloride solution causes cavitation on the coating surface, which accelerates corrosion rates. Unlike static corrosion, it is interesting to note that the dynamic corrosion rate of annealed coatings is lower than that of as-deposited coatings (e.g., annealed Ni-P-Ti coating: 0.14 mm/year vs. as-deposited Ni-P-Ti coating: 0.43 mm/year) due to their improved toughness after annealing. In addition, in the absence of abrasive particles, the lowest dynamic corrosion rate is reached on annealed Ni-P-Ti coatings among all the tested coatings, which is only 5% that of the as-deposited Ni-P coating.



Compared to dynamic corrosion rates in the absence of abrasive particles, dynamic corrosion rates in the presence of abrasive particles are approximately one order of magnitude higher (Table 4). In the absence of erosive particles, the passive oxide film (NiO) prevents the coating from further corrosion [4]. On the other hand, in the presence of erosive particles, the passive film is removed by abrasive particles, which exposes more vulnerable fresh surface to the corrosive solution [3]. In addition, the high strained sites on the coating surface due to the impacts of abrasive particles are susceptible to corrosion, since they are more anodic than the unstrained sites [5]. These factors result in higher dynamic corrosion rates in the presence of abrasive particles compared to the dynamic corrosion rates in the absence of abrasive particles. Unlike the static corrosion, annealed coatings have higher dynamic corrosion resistance than as-deposited coatings in the presence of abrasive particles due to their increased toughness (e.g., annealed Ni-P-Ti coating: 10.1 mm/year vs. as-deposited Ni-P-Ti coating: 12.8 mm/year). The lowest dynamic corrosion rate in the presence of abrasive particles is achieved on the annealed Ni-P-Ti coating among all the tested coatings, which is only 20% that of the as-deposited Ni-P coating.




3.6. Corrosion Mechanisms


To investigate the corrosion mechanisms of different coatings, the coatings before and after static and dynamic corrosion were examined under SEM. Representative SEM micrographs of as-deposited and annealed Ni-P coatings before and after 2 h static and dynamic corrosion tests are shown in Figure 5. Nodular structure and pores are observed on as-deposited and annealed Ni-P coatings (Figure 5a,b). The formation of pores in the as-deposited and annealed Ni-P coating is due to the evolution of hydrogen during the oxidation of NaPO2H2 in the electroless plating process [33]. These pores are the vulnerable sites for pitting corrosion, as observed in Figure 5c,d. During the static corrosion process, the corrosive solution penetrates into a pore, causing Ni dissolution. The dissolution depletes oxygen in the pore due to the stagnancy of the corrosive solution. As a result, the surface areas around the pore act as a cathode, while the pore itself acts as an anode, which accelerates pitting corrosion due to a large cathode to anode area ratio.



Cracks and cavities are observed on the as-deposited Ni-P coating after dynamic corrosion in the presence of abrasive particles under a flowing condition (Figure 5e,f). This is due to the low toughness of the as-deposited Ni-P coating, as confirmed in our previous studies [13,23]. The impacts of abrasive particles cause cracking on as-deposited Ni-P coating; then, the cracks propagate into the coating and connect to each other, resulting in coating delamination. Then, the debris of coating delamination was removed by abrasive particles in the subsequent impacts and by the flowing solution. This results in cavities which are favorable sites for localization corrosion (i.e., erosion-enhanced corrosion). Corrosion products are observed in a cavity (Figure 5f). On the other hand, no cracking and fracture are observed on the annealed Ni-P coating due to its improved toughness after annealing [34]; a highly strained surface is observed on the annealed Ni-P coating (Figure 5g,h). The highly strained surface is more susceptible to corrosion due to its high energy. Here, erosion accelerates corrosion by producing a strained surface that is vulnerable to corrosion. Corrosion in this case may be classified as uniform corrosion.



Representative SEM micrographs of as-deposited and annealed Ni-P-Ti coatings before and after 2 h static and dynamic corrosion tests are shown in Figure 6. Compared to as-deposited and annealed Ni-P coatings (Figure 5a,b), no pores are observed on as-deposited and annealed Ni-P-Ti coatings (Figure 6a,b). This is mainly because Ti nanoparticles can occupy and fill the pores in the Ni-P matrix. In addition, the presence of Ti particles seems to prevent the growth of Ni-P nodules, resulting in a denser and finer surface [35]. After static corrosion, no pits are observed on as-deposited and annealed Ni-P-Ti coatings (Figure 6c,d). A uniform, dense, and smooth surface is observed on the as-deposited and annealed Ni-P-Ti coatings (Figure 6c,d), which indicates the high static corrosion resistance of as-deposited and annealed Ni-P-Ti coatings. After dynamic corrosion in the presence of abrasive particles under a flowing condition, a strained surface is developed on the as-deposited Ni-P-Ti coatings (Figure 6e,f). However, compared to the annealed Ni-P coating (Figure 5g,h)), surface damage on the as-deposited Ni-P-Ti coating is less severe (Figure 6e,f) due to its higher hardness. Among all the tested coatings, the annealed Ni-P coating has the lowest hardness, whereas the annealed Ni-P-Ti coating has the highest hardness, as confirmed in our previous study [13]. In addition, spallation is observed on the as-deposited Ni-P-Ti coating. In some cases, the repeated impacts cause microcracks on the coating surface, leading to the corrosive solution penetrating the subsurface layer through the microcracks and corroding the subsurface layer. Subsequently, the unsupported top layer is removed by the following impacts, which results in spallation on the as-deposited Ni-P-Ti coating.



On the other hand, unlike the annealed Ni-P coating (Figure 5g,h) and as-deposited Ni-P-Ti coating (Figure 6e,f), no severe surface damage and coating spallation is observed on the annealed Ni-P-Ti coating (Figure 6g,h). A smooth and uniform surface with shallow micro-size scratch scars and indents are observed on the annealed Ni-P-Ti coating (Figure 6g,h). This highlights the high dynamic corrosion resistance of the annealed Ni-P-Ti coating due to the formation of a superelastic NiTi phase within the coating after annealing. During the impact process, the austenite phase within the NiTi particles transforms to a detwinned martensite phase accompanied by large surface deformation, which absorbs the impact energy of erosive particles [34]. The impact energy is absorbed and stored in the detwinned martensite phase. When erosive particles leave the surface, the detwinned martensite phase transforms back to austenite phase with deformation recovery [34]. This stress-induced phase transformation significantly improves the toughness of the annealed Ni-P-Ti coating [26,34] and results in an unstrained coating surface, which leads to the improved dynamic corrosion resistance of annealed Ni-P-Ti coating in the presence of abrasive particles under flowing condition.



To further investigate the corrosion behavior of different coatings, the porosity density (P.D.) of different coatings under static and dynamic corrosion conditions were calculated using the following equation [36]:


  P . D .  =     R s     R c     ×    10   −   Δ E    β α       



(2)




where Rs represents the polarization resistance of steel substrate;   Δ E   represents the potential difference between the steel substrate and the coating; Rc represents the polarization resistance of the coating; βα represents the slope of anodic Tafel extrapolation of the steel substrate.



The porosity density (P.D.) of different coatings is given in Table 5. The porosity density value of the as-deposited Ni-P coating is 2.64%, which is consistent with the value (2.4%) obtained in Mazaheri et al.’s study [35]. Compared to as-deposited and annealed Ni-P coatings, the porosity density values of as-deposited and annealed Ni-P-Ti coatings are lower due to the presence of Ti nanoparticles that occupy and fill the nano and micro-size pores in the Ni-P matrix. This leads to a dense surface of Ni-P-Ti coatings, which is verified in Figure 6a,b. The porosity density values of the coatings under dynamic corrosion conditions without abrasive particles are higher than those under static corrosion due to the cavitation erosion caused by flowing solution. Among three different corrosion conditions, the highest porosity density values are observed under dynamic corrosion in the presence of abrasive particles. This is due to the erosion, which increased corrosion by the impacts of abrasive particles. For the dynamic corrosion conditions (with and without abrasive particles), the highest dynamic corrosion resistance is achieved on an annealed Ni-P-Ti coating (Ni-P-Ti-650 °C coating) that exhibits the lowest porosity density value among all the tested coatings. The porosity density results are in good agreement with the corrosion rates results.



To evaluate constituents’ changes on coatings before and after 2 h dynamic corrosion in the presence of abrasive particles, EDS analysis was employed. Figure 7 and Figure 8 show the surface SEM micrographs, corresponding EDS maps, and spectra of annealed Ni-P-Ti coatings before and after dynamic corrosion, respectively. From Figure 7, it is observed that the Ti element is uniformly distributed along the surface of the coating. A very small amount (0.78 wt %) of oxygen is detected on the surface (Figure 7f). After dynamic corrosion in the presence of abrasive particles (Figure 8), there is no obvious change on Ti element distribution compared to before dynamic corrosion (Figure 7). Although oxygen content increases to 1.35 wt % due to the dynamic corrosion (Figure 8f), the oxygen content is still very low. This low oxygen content indicates the high dynamic corrosion resistance of the annealed Ni-P-Ti coating. Except for the oxygen content, there is no significant change on other elements content (Ni, P, and Ti) before and after dynamic corrosion.





4. Conclusions


Ni-P-NiTi composite coatings were successfully prepared on AISI 1018 steel by incorporating Ti nanoparticles into the Ni-P matrix followed by the annealing of electroless Ni-P-Ti coatings. Static corrosion, dynamic corrosion in the absence of abrasive particles under a flowing condition, and dynamic corrosion performance in the presence of abrasive particles under a flowing condition of as-deposited and annealed Ni-P and Ni-P-Ti coatings were studied. The effect of the formation of the superelastic NiTi phase on the static corrosion and dynamic corrosion performance was investigated. It was found that the annealed Ni-P-Ti coating (i.e., Ni-P-NiTi coating) exhibited much higher static corrosion resistance than the as-deposited Ni-P coating. Among all the tested samples, the annealed Ni-P-Ti coating (i.e., Ni-P-NiTi coating) has the highest dynamic corrosion resistance in the absence and presence of abrasive particles under flowing conditions. The dynamic corrosion resistance of the annealed Ni-P-Ti coating (i.e., Ni-P-NiTi coating) is 19 times higher than that of the as-deposited Ni-P coating in the absence of abrasive particles under a flowing condition. The dynamic corrosion resistance of the annealed Ni-P-Ti coating (i.e., Ni-P-NiTi coating) is four times higher than that of the as-deposited Ni-P coating in the presence of abrasive particles under a flowing condition. The formation of a superelastic NiTi phase substantially improved the static and dynamic corrosion performance of the electroless Ni-P coating.
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Figure 1. Schematic of slurry pot corrosion tester. 






Figure 1. Schematic of slurry pot corrosion tester.
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Figure 2. Representative potentiodynamic polarization curves of AISI 1018 steel substrate, as-deposited and annealed coatings in a still 3.5 wt % sodium chloride solution. 
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Figure 3. Representative potentiodynamic polarization curves of AISI 1018 steel substrate, as-deposited coatings, and annealed coatings in the absence of abrasive particles under a flowing condition (900 rpm). 
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Figure 4. Representative potentiodynamic polarization curves of AISI 1018 steel substrate, as-deposited coatings, and annealed coatings in the presence of abrasive particles under a flowing condition (900 rpm). 
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Figure 5. Representative SEM micrographs of (a) as-deposited Ni-P coating before corrosion tests, (b) annealed Ni-P coating before corrosion tests, (c) as-deposited Ni-P coating after static corrosion test, (d) annealed Ni-P coating after static corrosion test, (e,f) as-deposited Ni-P coating after dynamic corrosion test in the presence of abrasive particles, (g,h) annealed Ni-P coating after dynamic corrosion test in the presence of abrasive particles. 






Figure 5. Representative SEM micrographs of (a) as-deposited Ni-P coating before corrosion tests, (b) annealed Ni-P coating before corrosion tests, (c) as-deposited Ni-P coating after static corrosion test, (d) annealed Ni-P coating after static corrosion test, (e,f) as-deposited Ni-P coating after dynamic corrosion test in the presence of abrasive particles, (g,h) annealed Ni-P coating after dynamic corrosion test in the presence of abrasive particles.
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Figure 6. Representative SEM micrographs of (a) as-deposited Ni-P-Ti coating before corrosion tests, (b) annealed Ni-P-Ti coating before corrosion tests, (c) as-deposited Ni-P-Ti coating after static corrosion test, (d) annealed Ni-P-Ti coating after static corrosion test, (e,f) as-deposited Ni-P-Ti coating after dynamic corrosion test in the presence of abrasive particles, (g,h) annealed Ni-P-Ti coating after dynamic corrosion test in the presence of abrasive particles. 






Figure 6. Representative SEM micrographs of (a) as-deposited Ni-P-Ti coating before corrosion tests, (b) annealed Ni-P-Ti coating before corrosion tests, (c) as-deposited Ni-P-Ti coating after static corrosion test, (d) annealed Ni-P-Ti coating after static corrosion test, (e,f) as-deposited Ni-P-Ti coating after dynamic corrosion test in the presence of abrasive particles, (g,h) annealed Ni-P-Ti coating after dynamic corrosion test in the presence of abrasive particles.
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Figure 7. (a) Surface SEM micrograph, (b–e) corresponding EDS elemental maps, and (f) EDS spectrum of annealed Ni-P-Ti coating before dynamic corrosion. 
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Figure 8. (a) Surface SEM micrograph, (b–e) corresponding EDS elemental maps, and (f) EDS spectrum of annealed Ni-P-Ti coating after dynamic corrosion in the presence of abrasive particles. 
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Table 1. Corrosion characteristics of AISI 1018 steel substrate, as-deposited coatings, and annealed coatings derived from polarization curves in static corrosion.






Table 1. Corrosion characteristics of AISI 1018 steel substrate, as-deposited coatings, and annealed coatings derived from polarization curves in static corrosion.





	Samples
	Ecorr (V)
	icorr (μA/cm2)





	AISI 1018 steel
	−0.627 ± 0.022
	15.55 ± 1.50



	Ni-P
	−0.417 ± 0.025
	1.07 ± 0.13



	Ni-P-Ti
	−0.389 ± 0.012
	0.33 ± 0.10



	Ni-P-650 °C
	−0.327 ± 0.023
	1.32 ± 0.14



	Ni-P-Ti-650 °C
	−0.304 ± 0.013
	0.41 ± 0.13
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Table 2. Corrosion characteristics of AISI 1018 steel substrate, as-deposited and annealed coatings derived from polarization curves in the absence of abrasive particles under a flowing condition (900 rpm).






Table 2. Corrosion characteristics of AISI 1018 steel substrate, as-deposited and annealed coatings derived from polarization curves in the absence of abrasive particles under a flowing condition (900 rpm).





	Samples
	Ecorr (V)
	icorr (μA/cm2)





	AISI 1018 steel
	−0.416 ± 0.005
	91.1 ± 0.7



	Ni-P
	−0.218 ± 0.004
	33.5 ± 0.5



	Ni-P-Ti
	−0.155 ± 0.007
	4.6 ± 0.2



	Ni-P-650 °C
	−0.096 ± 0.004
	6.0 ± 0.3



	Ni-P-Ti-650 °C
	−0.139 ± 0.003
	1.8 ± 0.2
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Table 3. Corrosion characteristics of AISI 1018 steel substrate, as-deposited coatings, and annealed coatings derived from polarization curves in the presence of abrasive particles under a flowing condition (900 rpm).






Table 3. Corrosion characteristics of AISI 1018 steel substrate, as-deposited coatings, and annealed coatings derived from polarization curves in the presence of abrasive particles under a flowing condition (900 rpm).





	Samples
	Ecorr (V)
	icorr (μA/cm2)





	AISI 1018 steel
	−0.446 ± 0.005
	801 ± 7



	Ni-P
	−0.167 ± 0.004
	434 ± 5



	Ni-P-Ti
	−0.115 ± 0.005
	132 ± 3



	Ni-P-650 °C
	−0.136 ± 0.003
	220 ± 5



	Ni-P-Ti-650 °C
	−0.139 ± 0.002
	113 ± 3
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Table 4. Comparison between static and dynamic corrosion rates.
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	Coatings
	Static Corrosion Rate (mm/Year)
	Dynamic Corrosion Rate (mm/Year, in the Absence of Abrasive Particles, under Flowing Condition 900 rpm)
	Dynamic Corrosion (mm/Year, in the Presence of Abrasive Particles, under Flowing Condition 900 rpm)





	Ni-P
	9.02 ± 0.16 × 10−2
	2.84 ± 0.05
	49.7 ± 0.5



	Ni-P-Ti
	2.90 ± 0.14 × 10−2
	0.43 ± 0.03
	12.8 ± 0.3



	Ni-P-650 °C
	1.10 ± 0.13 × 10−1
	0.61± 0.07
	18.7 ± 0.4



	Ni-P-Ti-650 °C
	3.60 ± 0.15 × 10−2
	0.14± 0.05
	10.1 ± 0.2
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Table 5. Porosity density (P.D.) of different coatings under static and dynamic corrosion conditions.
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	Coatings
	P.D. (%)

Static Corrosion
	P.D. (%)

Dynamic Corrosion (in the Absence of Abrasive Particles, under Flowing Condition 900 rpm)
	P.D. (%)

Dynamic Corrosion (in the Presence of Abrasive Particles, under Flowing Condition 900 rpm)





	Ni-P
	2.64 ± 0.16
	11.72 ± 0.15
	29.01 ± 1.91



	Ni-P-Ti
	0.18 ± 0.03
	4.52 ± 0.05
	11.75 ± 0.32



	Ni-P-650 °C
	2.72 ± 0.13
	6.74 ± 0.07
	14.86 ± 0.43



	Ni-P-Ti-650 °C
	0.20 ± 0.02
	3.47 ± 0.05
	7.18 ± 0.22
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