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Abstract:



An arc-sprayed amorphous Al–Ti–Ni coating on S355 structural steel was processed by laser remelting (LR) at powers of 600, 800, and 1000 W. The surface-cross-sectional morphologies, chemical element distributions, and phase compositions of the as-obtained Al–Ti–Ni coatings were analyzed using a scanning electron microscope (SEM), energy-dispersive spectrometer (EDS), and X-ray diffractometer (XRD), respectively. The immersion corrosion tests of Al–Ti–Ni coatings in 3.5% NaCl solution for 720 h were performed to investigate the effects of LR power on their immersion corrosion behaviors. The test results show that the amorphous Al–Ti–Ni coatings form good metallurgical bonding with the substrate after LR. The AlNi, Al3Ti, Al3Ni2, Ti3O5, and Al2O3 amorphous phases are detected in the Al–Ti–Ni coatings after LR. The corrosion potentials of Al–Ti–Ni coatings after LR show a positive shift relative to that of S355 steel, implying that the corrosion resistance of Al–Ti–Ni coatings was superior to that of S355 steel. A dense protective Al2O3 film is formed on the Al–Ti–Ni coating surface at an LR power of 1000 W, at which power the highest corrosion potential of −0.233 V is observed. The corrosion mechanisms of Al–Ti–Ni coating at the LR power of 1000 W are uniform corrosion and pitting corrosion, while those of Al–Ti–Ni coatings at the LR powers of 600 and 800 W are localized corrosion and pitting corrosion. The corrosion resistance of Al–Ti–Ni coating with the LR power of 1000 W is better than those at the LR powers of 600 and 800 W, effectively improving the corrosion resistance of S355 steel.
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1. Introduction


Offshore platforms are usually made of metallic materials, such as S355 low-alloy structural steel [1]; chloride ions present in the marine environment can be a cause of corrosion for offshore platforms in seawater [2,3]. Immersion corrosion is one of the most serious failures in the marine environment [4]. In the absence of effective corrosion protection measures, the offshore platform will suffer from severe corrosion in a few years, and the corrosion loss will surpass the damage caused by other natural disasters. During the service life of S355 steel on offshore platforms, it is subjected to various kinds of natural loads for long periods of time [5,6]. The corrosion degradation of S355 steel can lead to severe safety issues and even catastrophic events, causing significant economic losses; 25%–45% of corrosion losses can be prevented by adopting effective corrosion protection measures. Therefore, the development of anti-corrosion materials and technologies for offshore platforms is of great economic value.



As a new type of alloy material, amorphous alloy possesses unique characteristics such as atom long range disorder and crystal defects. The amorphous alloy has no interface, its structural units are in the form of polyhedral clusters of atoms, and some clusters place in groups to form supercluster structures [7], which have to be subjected to a very large external force to make them deform. Furthermore, the bonding between amorphous atoms is much stronger than the crystal due to the lack of a structural defect; therefore, the amorphous alloy improves its strength and hardness. The amorphous alloy has higher corrosion-resistance than the crystalline metal due to the absence of structural defects such as grain boundaries and dislocations, in which the corrosion often occurs preferentially. At the same time, the high activity of the amorphous alloy can also rapidly form a passive film on the surface [8]. Due to the homogeneity of its structure and composition, the formation of a highly corrosion-resistant film is guaranteed. Therefore, amorphous alloys have attracted extensive research attention worldwide. An amorphous alloy is usually controlled via rapid cooling of liquid metal [9] to prevent nucleation and growth of crystals. Al-based amorphous alloys have shown great potential in recent years owing to their low density, high strength, and excellent corrosion resistance [10]. Unfortunately, their glass-forming ability is hampered by conventional fabrication methods [11]. Most Al-based metallic glasses are marginal glass formers and are therefore required to have higher critical cooling rates (105–106 K/s) [12]. Therefore, the rapid solidification techniques are required to fabricate Al-based metallic glasses.



At present, application of a thermal-sprayed Al coating is one of the most economical and effective techniques for improving the corrosion resistance of S355 steel [10,13]. Arc spraying is the primary method for fabrication of Al coatings given its advantages of low cost, high production efficiency, and ease of control of components. The typical thickness of the arc-sprayed Al coating is 200 μm [14]. However, an arc-sprayed Al coating has a typical layered structure. Fully melted particles having high temperatures and high velocities usually cause significant droplet deformation on the substrate surface, which results in the formation of thin layers or lamella that adhere to the substrate surface; subsequently, rapidly solidified layers are continuously formed from a continuous stream of fully melted particles. Sprayed particles include fully melted, semi-melted, and unmelted particles. Because of the uneven and irregular shape of arc-prayed Al particles when arriving at the Al coating surface, they lead to the poor continuity of the layered structure and incomplete overlapping among the Al particles and, as a result, voids are formed between the layered structures. When the semi-melted and unmelted particles reach the substrate, they cannot fill the voids and consequently form pores, which eventually expand and connect to the cracks [15,16]. The seawater can easily penetrate into the substrate through the defects, which reduce its corrosion resistance [10] and limit its application scope and service life.



Laser remelting (LR) has been used in studies to achieve rapid solidification. The short-duration and high-density laser leads to high-speed heating and melting, which is inevitably followed by a rapid solidification process. The high cooling rate of the rapid solidification process (105–108 K/s) naturally achieved by LR is advantageous for the formation of amorphous alloys [17,18,19], which when used as coatings improve the corrosion resistance of metallic material. Moreover, LR can eliminate pores, destroy the layered structure, and remelt the entire thickness of the arc-sprayed coating; this results in the formation of a metallurgical bonding between the Al coating and the substrate and provides an extremely low rate of dilution of the coating, which is, in turn, beneficial for improving the bonding strength and corrosion resistance of the coating [20,21,22]. Therefore, LR is one of the most effective ways to improve the corrosion resistance of arc-sprayed Al coatings. The corrosion resistance of metallic glasses is influenced by the element composition, the corrosion resistance mechanism of metallic glass composites need further research [23,24]. Ti and Ni particles incorporated into a coating can offer optimized protection and improve the microstructure of composite coating. Desirable evolution of the microstructure results in enhancing the anti-wear properties and anti-corrosion properties and high hardness of composite coating [25].



Tan et al. [26] fabricated an Al-based amorphous–nanocrystalline composite coating by laser cladding of AZ80 magnesium alloy under water cooling. Wang et al. [27] studied the effects of LR and annealing on the microstructure, mechanical properties, and corrosion resistance of Fe-based amorphous–crystalline composite coatings. Li et al. [28] investigated the influence of remelting scanning speed on the amorphous forming ability of Ni-based alloy fabricated by laser cladding and LR. Wang et al. [29] analyzed the microstructure and corrosion resistance of Fe-based amorphous–nanocrystalline coating fabricated by laser cladding. Previous works [26,29] were performed on the use of LR; however, the effects of parameters of the LR process on the corrosion resistance of amorphous Al coating have seldom been reported. LR process parameters mainly include the laser output power, scanning speed, shape and size of the beam spot. The quality of laser-remelted Al coating is influenced by the above parameters; among these process parameters, the laser output power (i.e., LR power) is an important parameter affecting the quality of Al coating. The increasing laser beam energy with increasing output power is beneficial to the melting of Al coating. However, the surface temperature overheats and burns the Al coating with an increase in the LR power. Conversely, when the LR power is too low, the Al coating cannot be remelted completely. Therefore, it is crucial to investigate the influence of LR power on the microstructures and corrosion resistance of Al coating. Thus, in this study, an arc-sprayed amorphous Al–Ti–Ni coating on S355 steel was processed by LR at the laser powers of 600, 800, and 1000 W. The surface-cross-sectional morphologies, element distributions, and phases of the obtained coatings were analyzed using a scanning electron microscope (SEM), energy-dispersive spectrometer (EDS), and X-ray diffractometer (XRD), respectively. Further, their immersion corrosion behaviors in 3.5% NaCl solution for 720 h were also investigated. The effects of LR power on the microstructures, immersion corrosion, and electrochemical corrosion of amorphous Al–Ti–Ni coatings were investigated, which provided a theoretical basis for the application of amorphous Al–Ti–Ni coatings on offshore platforms.




2. Experimental


European standard S355 structural steel was used as the base material; its composition is listed in Table 1.



Table 1. Composition of S355 structural steel (wt %).







	
C

	
Si

	
Mn

	
P

	
Cr

	
S

	
Ni

	
Mo

	
Zr

	
Fe






	
0.17

	
0.55

	
0.94

	
0.035

	
0.065

	
0.035

	
0.065

	
0.30

	
0.15

	
Bal.










Before the arc-spraying test, the substrate surface was abraded with #400 sandpaper. The sample was subjected to the following pre-treatment before arc spraying: mechanical polishing → chemical degreasing → roughening treatment → workpiece preheating. Then, the arc-spraying process was performed as follows: arc spraying → cooling → surface cleaning. The arc-spraying material was composed of Al-wire-cored Ti and Ni powders with a diameter of 2 mm, i.e., Al-packed Ti and Ni powders; the cross-section of the material is shown in Figure 1.


Figure 1. Cross-section of Al-wire-cored Ti and Ni powders.
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After arc spraying twice, the thickness of the Al coating was ~600 μm. The morphologies of Ti–Ni powders were analyzed using SEM (JSM-6360LA, NEC Electronics Corporation, Tokyo, Japan), and its phases were analyzed using PC XRD (D/MAX2500, Rigaku Corporation, Tokyo, Japan). The specifications of the arc-spraying process are listed in Table 2.



Table 2. Specifications of arc-sprayed Al–Ti–Ni coating.







	
Parameter

	
Value






	
Diameter of Al wire/mm

	
2




	
Spraying voltage/V

	
30–32




	
Spraying current/A

	
160




	
Spraying distance/mm

	
150




	
Spraying angle/°

	
80




	
Spraying pressure/MPa

	
0.6




	
Overlap ratio

	
35%










The LR process was conducted using a ZKSX-2008 (Jiangsu Zhongke Sixiang Laser Technology Co., Ltd., Danyang, China) fiber-coupled laser spraying system at powers of 600, 800, and 1000 W. Argon gas was employed as protective gas during the LR process. The technical parameters of LR process were as follows: the spot diameter was 4 mm, the overlap ratio was 50%, and the argon gas speed was 15 L/min. After the LR process, the surface-cross sectional morphologies and chemical elements of Al–Ti–Ni coating were analyzed using field-emission SEM (FE-SEM, SUPRA55, Zeiss Corporation, Oberkochen, Germany) and its configured EDS, and their phases were analyzed using PC XRD. The immersion corrosion test was performed in a YQW-250 (Wuhan Test Equipment Co., Ltd., Wuhan, China) immersion corrosion test chamber in accordance with the Chinese standard GB 6458-86 (NSS) [30]. The technical parameters of the immersion corrosion test were as follows: the corrosion solution was 3.5% ± 0.5% NaCl, pH was 6.5–7.2, temperature was 26 ± 7 °C, and immersion time was 720 h. The reason for selecting 3.5% NaCl was that the concentration of seawater was approximately 3.5%, which was used to simulate this seawater condition. The level of dissolved oxygen (DO) in the 3.5% NaCl testing solution was ~9 mg/L. The immersion time of 720 h was selected on the basis of a measurement by a neutral salt spray test according to the Chinese standard GB/T10125-1997. The morphologies, chemical element distributions, and phases of Al–Ti–Ni coatings after immersion corrosion were analyzed using an FE-SEM, EDS, and XRD, respectively. The electrochemical performance tests were conducted on a CHI660E (Shanghai Chen Hua Instrument Co., Ltd., Shanghai, China) type electrochemical workstation, and the sample size used in the test was 15 mm × 15 mm × 5 mm. The other surfaces were coated and soaked for 5–10 min before the electrochemical test, and the corrosive medium was 3.5% NaCl solution. The potentiodynamic test was adopted, the applied potentials were at the range of −1 to −0.5 V against the saturated calomel electrode (SCE) at the scanning rate of 0.001 V/s, its sensitivity was 1 × 10−0.002, and the quiet time of 2 s. A mercury–type KCl saturated calomel electrode was used as the reference electrode, its test time was 1500 s.




3. Analysis and Discussion


3.1. Morphologies and EDS Analysis of Ti–Ni Powder


The morphology of Ti–Ni powder is shown in Figure 2a. Particle A was Ni; these particles were flat-ball-like in shape and their surface was compact to flat. Particle B was Ti; these particles were highly irregular in shape and their surface was loose, uneven, and rough. The image mapping result of Ti–Ni powders is shown in Figure 2b. The Ti and Ni particles were the components of Ti–Ni powder, while the C and O were impurity elements. The EDS analysis results of Ni and Ti particles are shown in Figure 2c,d. The Ti and Ni particles, in turn, were composed primarily of Ti and Ni elements, respectively. The C and O elements present in the powders were impurity elements. The Pt present on the surface of the sample resulted from the sputtering process performed to enhance the sample electrical conductivity.


Figure 2. Morphologies and image mapping of Ti–Ni powders and EDS analysis of Ni and Ti particles. (a) Morphology of Ti–Ni powder; (b) Image mapping result of Ti–Ni powders; (c) EDS analysis result of Ni particle; and (d) EDS analysis result of Ti particle.
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3.2. Image Mapping of Al–Ti–Ni Coating Surface


The image mapped position of the Al–Ti–Ni coating surface at the LR power of 600 W is shown in Figure 3a. Some small spherical un-melted particles, micro-cracks, and pores were present on the Al–Ti–Ni coating surface. This can be explained as follows: because the LR input power was too low, the arc-sprayed Al–Ti–Ni coating did not remelt fully; as a consequence, it became teardrop-shaped under the influence of surface tension force during the cooling period, and this resulted in the formation of small spherical unmelted particles. During the rapid crystallization phase, the growth of Al–Ti–Ni coating occurred in two directions, wherein the grains grew to collide with each other. At the same time, a microstress was produced at its bonding interface, and some microstructural defects such as grain boundary dislocations and vacancies were formed; this caused an increase in the defects in the solidified structure, an increase in the thermal brittleness, and a simultaneous decrease in the ductility and toughness. These defects ultimately became the source of microcracks. The existence of the molten pool was short with low laser power, causing the impurity components to not have enough time to float. In addition, the short duration of the molten pool also accelerated the cooling rate and increased the local temperature gradient, which enhanced local thermal stress, enlarged the cracking tendency and then produced the inclusion cracks. In addition, the presence of pores was attributed to the volume contraction of molten particles and the accumulation of gases in the molten particles when the Al–Ti–Ni coating was cooled to room temperature. Figure 3b shows the image mapping result of the Al–Ti–Ni coating surface at the LR power of 600 W. The Fe present in the Al–Ti–Ni coating was the result of Fe diffusion in the substrate, the C present in the Al–Ti–Ni coating was attributed to the air pollution, and the O present in the Al–Ti–Ni coating was attributed to the oxidation reaction that occurred during LR. The EDS analysis result shows that the Al peak was the strongest, indicating that the Al–Ti–Ni coating was composed mainly of Al. An Al-atom-rich zone was formed owing to the low LR power, which resulted in an insufficient overlap of Al–Ti–Ni coating, as shown in Figure 3c. The distribution of Ti was the same as that Al, as shown in Figure 3d. The Ni was uniformly distributed on Al–Ti–Ni coating surface, as shown in Figure 3e.


Figure 3. Image mapping analysis of Al–Ti–Ni coating at laser remelting (LR) power of 600 W. (a) Image mapped position; (b) Image mapping result; (c) Al content; (d) Ti content; and (e) Ni content.
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The image mapped position of Al–Ti–Ni coating surface at the LR power of 800 W is shown in Figure 4a. Obvious pits, pores, and cracks were present on the coating surface. Although argon was used to protect the Al–Ti–Ni coating during LR, the coating surface was still partially oxidized at high temperature. During the LR test, pits were formed because of rapid cooling of Al–Ti–Ni coating whereas the pores were formed because the gas entered into the molten pool and the condensation speed was so fast that the gas could not be discharged in time and consequently remained in the condensed molten pool. In addition, because of fast heating and cooling speeds, the molten pool existed for a very short time, and so the oxides, sulfides and other impurities that were present in the molten pool were not released; this resulted in the formation of microcracks on the Al–Ti–Ni coating surface. Figure 4b shows the image mapping result of Al–Ti–Ni coating surface at the LR power of 800 W. It can be seen that the Al–Ti–Ni coating was composed primarily of Al, Ti, and Ni, and the C, Cl, Ca, and O were the impurities. The Al content was highest in the entire coating except in the pits, and this resulted in the formation of Al-atom-rich zones, as shown in Figure 4c. The Ti and Ni were well distributed and did not form atom-rich zones, as shown in Figure 4d,e.


Figure 4. Image mapping analysis of Al–Ti–Ni coating at LR power of 800 W. (a) Image mapped position; (b) Image mapping result; (c) Al content; (d) Ti content; and (e) Ni content.
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The image mapped position of the Al–Ti–Ni coating surface at the LR power of 1000 W is shown in Figure 5a. The coating surface was composed of ultrafine cellular structures of dissimilar sizes. The size of the cellular structure was related to the cooling rate. During the LR process, the grain diameter increased with increasing laser input energy and the self-cooling rate of grains decreased [31]. Therefore, the time taken for grain growth differed according to the self-cooling rates of grains [17]. This was because the remelting time of the Al–Ti–Ni coating in the molten pool increased with increasing LR powers, and the convective mass transfer occurred in the molten pool. The impurities in the molten liquid had sufficient time to float, which reduced the formation of inclusions and cracks in the Al–Ti–Ni coating and consequently improved its microstructure. Figure 5b shows the image mapping result of Al–Ti–Ni coating at the LR power of 1000 W. In this case, the Al–Ti–Ni coating was composed mainly of Al, Ti, and Ni, and the C, K, and Ca were the impurities. The EDS analysis shows that the mass fractions of Al and O accounted for 70.92% of total composition, indicating that the Al–Ti–Ni coating at the LR power of 1000 W was composed mainly of Al and O atoms. The Al, Ti, and Ni were evenly distributed, and no atom-rich zones were formed, as shown in Figure 5c–e.


Figure 5. Image mapping analysis of Al–Ti–Ni coating at LR power of 1000 W. (a) Image mapped position; (b) Image mapping result; (c) Al content; (d) Ti content; and (e) Ni content.
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3.3. Cross-Section Analysis of Al–Ti–Ni Coating between the Coating and the Substrate


The morphology of the Al–Ti–Ni coating cross-section at the LR power of 600 W is shown in Figure 6a. The Al–Ti–Ni coating was bonded with the subtrate in a zigzag form. The presence of pores was due to the keyhole consisting of a slender vapor cavity present in the interaction region between the laser beam and the substrate. The keyhole was formed due to the vaporization of Al–Ti–Ni alloy. The instable keyhole led to a break in the capillarity, causing the formation of bubbles in the keyhole root. Due to the presence of an eddy flux, forward and downward, around the keyhole interface, the formed bubbles did not escape from the molten pool, but remained entrapped, therefore generating porosity at the end of the solidification process [32]. The Al formed obvious atom-rich zones, exhibiting irregular diffusion from the Al–Ti–Ni coating into the substrate, as shown in Figure 6b. The Ti content was higher, and the obvious diffusion of Ti also occurred at the interface; a small amount of Ti was present in the substrate, indicating that the Ti was diffused from the Al–Ti–Ni coating into the substrate. The diffusion degree of Ti was obviously higher than that of Al, as shown in Figure 6c. The Ni was uniformly distributed in the Al–Ti–Ni coating, and an obvious bright band was observed at the interface, which corresponded to the formed atom-rich zones, as shown in Figure 6d.


Figure 6. Image mapping analysis of Al–Ti–Ni coating cross section at LR power of 600 W. (a) Cross-sectional morphology; (b) Al content; (c) Ti content; and (d) Ni content.
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The morphology of Al–Ti–Ni coating cross section at the LR power of 800 W is shown in Figure 7a. The formation of pores and pits was visualized more frequently than that of Al–Ti–Ni coating at the LR power of 600 W. At the LR power of 800 W, Al was evenly distributed over the Al–Ti–Ni coating cross section, indicating that the diffusion of Al–Ti–Ni coating at the LR power of 800 W was more regular than that at the LR power of 600 W, as shown in Figure 7b. The Ti shows the pronounced diffusion into the substrate, as can be seen in Figure 7c. The Ni was also diffused into the substrate, its diffusion shape was similar to that of Al, as shown in Figure 7d.


Figure 7. Image mapping analysis of Al–Ti–Ni coating cross-section at LR power of 800 W. (a) Cross-sectional morphology; (b) Al content; (c) Ti content; and (d) Ni content.
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The morphology of Al–Ti–Ni coating cross–section at the LR power of 1000 W is shown in Figure 8a. The cross–section was uneven and a high fraction of pits were observed. At the LR power of 1000 W, the Al was uniformly distributed over the Al–Ti–Ni coating cross–section; its diffusion degree at this power was the smallest among those at the three considered powers, as shown in Figure 8b. The diffusion of Ti from the Al–Ti–Ni coating interface at the LR power of 1000 W was more obvious than that at the LR powers of 600 and 800 W, as shown in Figure 8c. At the LR power of 1000 W, the Ni was uniformly distributed over the Al–Ti–Ni coating cross–section and it was diffused into the substrate at the same time, as shown in Figure 8d.


Figure 8. Image mapping analysis of Al–Ti–Ni coating cross–section at LR power of 1000 W. (a) Cross-sectional morphology; (b) Al content; (c) Ti content; and (d) Ni content.
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3.4. Line Scan Analysis of Al–Ti–Ni Coating Cross-Section


The results of line scan analysis of Al–Ti–Ni coating cross-section at the LR power of 600 W are shown in Figure 9. The Al content of Al–Ti–Ni coating was very high and tended to stabilize, as shown in Figure 9a. The Ti content was maintained at a lower value in the substrate; it increased rapidly in the diffusion layer and remained at a certain value in the Al–Ti–Ni coating, as shown in Figure 9b. The Ni content of Al–Ti–Ni coating was higher; it decreased sharply from the Al–Ti–Ni coating to the substrate, and falling to a very low value in the substrate, as shown in Figure 9c.


Figure 9. Line scan analysis of Al–Ti–Ni coating cross–section at LR power of 600 W. (a) Al content; (b) Ti content; and (c) Ni content.
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The Al content of the substrate at the LR power of 800 W was almost 0, revealing a gradient trend in the coating, as shown in Figure 10a. The Ti content of substrate remained lower, rising in the small gradient in the diffusion layer, as shown in Figure 10b. The Ni content of substrate remained very low and increased sharply in the diffusion layer, as shown in Figure 10c.


Figure 10. Line scan analysis of Al–Ti–Ni coating cross–section at LR power of 800 W. (a) Al content; (b) Ti content; and (c) Ni content.
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The increment of Al content at the laser power of 1000 W was more obvious than that at the other two laser powers, and at 1000 W, the Al content of Al–Ti–Ni coating remained higher, as shown in Figure 11a. The Ti content of substrate remained at a low and stable value and increased sharply in the diffusion layer, as shown in Figure 11b. The Ni contents of Al–Ti–Ni coating and substrate generally remained lower, as shown in Figure 11c.


Figure 11. Line scan analysis of Al–Ti–Ni coating cross–section at LR power of 1000 W. (a) Al content; (b) Ti content; and (c) Ni content.
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From the above analyses, it can be seen that the Al, Ti, and Ni atoms at the interface were diffused into the substrate and formed metallurgical bonding, thereby improving the bonding strength of Al–Ti–Ni coating.




3.5. XRD Analysis


The XRD analysis of Al–Ti–Ni coating at the LR power of 600 W mainly revealed the presence of intermetallic compound phases related to Al–Ti and Al–Ni; the diffraction peaks of Al3Ti, Al3Ni, and Al3Ni2 phases were detected at 39.021°, 45.059°, and 79.5°–86°, respectively. The broadened diffraction peaks and low diffraction intensity indicated that the degree of crystallinity was not high and the amorphous phase was formed, as shown in Figure 12a.


Figure 12. XRD spectra of Al–Ti–Ni coatings at different LR powers (a) LR power of 600 W; (b) LR power of 800 W; and (c) LR power of 1000 W.
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At the LR power of 800 W, the Al3Ni2, Al2O3, and Ti3O5 phases were detected in the Al–Ti–Ni coating at 25.520° and the Al2O3 phase was detected at 35.063°, indicating that the interior of the Al–Ti–Ni coating was crystallized. The Al2O3 and Ti3O5 phases were detected at 57.399°, indicating that the Al and Ti were reacted with the O to induce the mixed oxidations during the LR test. A low-intensity diffraction peak was detected at 78°–86°, indicating that the amorphous phase existed; it was detected mainly in the form of Al3Ni2, Al2O3, and Ti3O5, as shown in Figure 12b.



At the LR power of 1000 W, a strong diffraction peak of Al2O3 in the Al–Ti–Ni coating was detected at 43.302° and some Al2O3 sub-peaks were also detected; no other intermetallic phase was detected. The amorphous Al2O3 phase was detected at 75°–82°, as shown in Figure 12c. The laser-remelted Al–Ti–Ni coating was composed primarily of Al oxide. However, the intermetallic phase disappeared with an increase in the LR power; this was because a sufficient time and temperature were required for the formation of intermetallic compounds [33,34], and the remelting time decreased the compound formation with the LR powers increasing.




3.6. Scanning Analysis of Corrosion Products


Figure 13a shows the image mapped position of Al–Ti–Ni coating at the LR power of 600 W. In this case, the Al–Ti–Ni coating surface was coarse and the corrosion was uneven. Exfoliation corrosion and corrosion pits of different sizes were observed on the coating surface, and the main mechanism of corrosion was pitting corrosion. The corrosion occurred at the sites of pores and cracks, resulting in localized corrosion and the formation of numerous white corrosion products on the pit surface. Figure 13b shows the image mapping result of Al–Ti–Ni coating at the LR power of 600 W after immersion corrosion; it can be seen that the mass fractions of Al, Ti, and Ni on the Al–Ti–Ni coating surface accounted for 69.38% of the total composition. Al was evenly distributed on the coating surface, except at the sites of the pits, and the Al-atom-rich zones were formed, as shown in Figure 13c. The Ti and Ni were evenly distributed and no atom-rich zones were formed, as shown in Figure 13d,e.


Figure 13. Image mapping analysis of Al–Ti–Ni coating at LR power of 600 W after immersion corrosion (a) Image mapped position; (b) Image mapping result; (c) Al content; (d) Ti content; and (e) Ni content.
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Figure 14a shows the image mapped position of Al–Ti–Ni coating at the LR power of 800 W. The corrosion surface was uneven and massive corrosion holes and pits were present on the Al–Ti–Ni coating surface. The corrosion products were mainly stacked on the Al–Ti–Ni coating surface. Figure 14b shows the image mapping result of Al–Ti–Ni coating at the LR power of 800 W after immersion corrosion; in this case, the mass fractions of Al, Ni, and O accounted for 71.57% of total composition. The Al, Ti, and Ni appeared the defects on the atom-poor zones, as shown in Figure 14c–e.


Figure 14. Image mapping analsis of Al–Ti–Ni coating at LR power of 800 W after immersion corrosion (a) Image mapped position; (b) Image mapping result; (c) Al content; (d) Ti content; and (e) Ni content.
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Figure 15a shows the image mapped position of Al–Ti–Ni coating at the LR power of 1000 W. The Al–Ti–Ni coating surface was smooth, and no large corrosion pits were observed. The corrosion mechanism was uniform corrosion. Unlike in the case of the Al–Ti–Ni coatings at the LR powers of 600 and 800 W, at the LR power of 1000 W, the corrosion products were formed on the Al–Ti–Ni coating surface, thereby reducing the degree of corrosion; this demonstrated the excellent corrosion resistance of Al–Ti–Ni coating at this LR power. The Al and O on the Al–Ti–Ni coating surface accounted for 79.2% of the total composition, as shown in Figure 15b. This indicated that the corrosion products were mainly the oxides of Al and O, which provided an effective corrosion protection barrier in the immersion corrosion test. The Al, Ti, and Ni were evenly distributed, and no atom-rich zones were formed, as shown in Figure 15c–e.


Figure 15. Image mapping analysis of Al–Ti–Ni coating at LR power of 1000 W after immersion corrosion (a) Image mapped position; (b) Image mapping result; (c) Al content; (d) Ti content; and (e) Ni content.
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From the above analyses, it can be seen that the LR power had a significant influence on the immersion corrosion of Al–Ti–Ni coating. At the LR power of 600 W, the Al–Ti–Ni coating did not melt completely and many surface defects were formed, as a result of which it could not protect the substrate effectively. In contrast, at the LR power of 1000 W, the Al–Ti–Ni coating formed a uniform and dense passive film, and no pores and cracks were formed. The corrosion resistance of Al–Ti–Ni coating improved effectively, indicating that the corrosion resistance of the coating subjected to LR treatment increased with increasing LR power.




3.7. Corrosion Mechanism


Figure 16a shows the corrosion morphology of Al–Ti–Ni coating at the LR power of 600 W. The Al–Ti–Ni coating surface was rough and many microcracks were present, indicating the occurrence of severe corrosion damage. A rough surface could induce severe pitting corrosion [25]. The poor corrosion resistance in this case was attributed to the presence of cracks and pores shown in Figure 3a. The active Cl− anions in the medium were first adsorbed on these defects, after which they acquired enough mobility to diffuse through the cracks and pores preferentially [35]. This accelerated the damage of Al–Ti–Ni coating surface, which, in turn, promoted the formation of corrosion pits by local corrosion of the pits’ surfaces and caused pitting and localized corrosion.


Figure 16. Corrosion morphologies of Al–Ti–Ni coatings at different LR powers. (a) LR power of 600 W; (b) LR power of 800 W; and (c) LR power of 1000 W.
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The white corrosion products were round in shape and attached to the Al–Ti–Ni coating surface, thereby covering the pit orifice. Figure 16b shows the corrosion morphology of Al–Ti–Ni coating at the LR power of 800 W. The corrosion surface showed a regular distribution of the round products, indicating the existence of corrosion pits; considerable local corrosion was found to occur. The pitting corrosion is a localized form of attack that results in relatively rapid penetration in small discrete areas. One of the major reasons for pitting was fragility of passive film, which led to its breakdown [36]. Because the oxide film on the coating surface was thin, the aggressive ions such as Cl−, which were present on the coating surface, were crucial to the breakdown of the passive film, and this consequently initiated the localized corrosion. Therefore, the coating corrosion resistance was greatly reduced at this power.



Figure 16c shows the corrosion morphology of Al–Ti–Ni coating at the LR power of 1000 W. The Al–Ti–Ni coating surface was relatively smooth and partial pitting was observed. After immersion corrosion, a compact protective Al film was formed, and slight but uniform corrosion occurred; the corrosion products were scattered on the Al–Ti–Ni coating surface. This was mainly due to the redistribution of laser-remelted Al on the Al–Ti–Ni coating, which resulted in the formation of Al-atom-rich zones and the protective oxide of Al2O3. On the one hand, it acted as a barrier to the corrosive medium, and on the other hand, it slowed down both the consumption of Al and the corrosion rate to a certain extent.



In 3.5% NaCl solution, the following chemical reactions occurred at the cathode:


O2 + 4e− + 2H2O → 4OH−



(1)







The following chemical reactions occurred at the anode:


Al → Al3+ + 3e−



(2)






Al3+ + 3OH− → Al(OH)3



(3)






Al3+ + H2O → Al(OH)2+ + H+



(4)






Al(OH)2+ + H2O → Al(OH)2+ + H+



(5)






Al(OH)2+ + H2O → Al(OH)3 + H+



(6)






Al(OH)3 → Al2O3 + 3H2O



(7)






Al(OH)3 + Cl− → Al(OH)2Cl + OH−



(8)







As can be seen in Reactions (4)–(6), although Al(OH)2+ was an intermediate product, it also reacted with the Cl−:


Al(OH)2+ + Cl− → Al(OH)Cl+



(9)






Al(OH)Cl+ + H2O → Al(OH)2Cl + H+



(10)






Al(OH)2Cl + Cl− → Al(OH)Cl2 + H+



(11)






Al(OH)Cl2 + Cl− → AlCl3 + OH−



(12)







Therefore, a cathodic reaction in addition to Reaction (1) occurred, given as


H+ + 2e− → H2



(13)







The AlCl3 formed in the reactions in Reactions (8)–(12) could easily be hydrolyzed in water; therefore, the Cl element in the corrosion products could not be detected.



At the LR power of 1000 W, the Al3Ni phase of Al–Ti–Ni coating disappeared after immersion corrosion and a new phase—AlNi—was formed, as shown in Figure 17a. A comparison of this figure with Figure 12a reveals that the intensities of Al3Ni2 and Al3Ti peaks decreased noticeably after immersion corrosion, indicating the consumption of Al3Ni2 and Al3Ti phases and the formation of AlNi phase. At the LR power of 800 W, the formed Ti3O5 phase of Al–Ti–Ni coating disappeared, as shown in Figure 17b. This was due to the degradation of Ti3O5 passivation film during the immersion corrosion test. As the corrosion time increased, the Ti content was not sufficient to sustain the growth of Ti3O5 consumption; then, the Al was consumed, which resulted in the formation of an Al2O3 passivation film on the coating surface. This was also the reason why the protective properties of Al–Ti–Ni coating at the LR power of 800 W were not compromised after the immersion corrosion test. The corrosion of Al–Ti–Ni coating was more obvious at the LR power of 1000 W, and the peak of Al2O3, which was produced during the immersion corrosion test, was also more obvious; the new Al3Ni2 phase was also formed, but its peak intensity was not high. The trend of peak broadening indicated the presence of amorphous phase, as shown in Figure 17c. Therefore, owing to the higher content of amorphous phase and fewer pores and cracks, the Al–Ti–Ni coating at the LR power of 1000 W was superior to those at the other two LR powers.


Figure 17. XRD analysis results of Al–Ti–Ni coatings at different LR powers after immersion corrosion (a) LR power of 600 W; (b) LR power of 800 W; and (c) LR power of 1000 W.



[image: Coatings 08 00046 g017]







3.8. Electrochemical Corrosion


Figure 18 shows the potentiodynamic polarization curves of laser-remelted Al–Ti–Ni coatings in 3.5% NaCl solution. The important corrosion resistance parameters of Al–Ti–Ni coating were the corrosion potential (Ecorr) and corrosion current density (icorr). Generally, when the corrosion potentials shifted positively, the corrosion rates decresed and the corrosion resistance was enhanced [37]. The Ecorr values of Al–Ti–Ni coating at the LR powers of 600, 800, and 1000 W were −0.586, −0.399, and −0.233 V, respectively, and the corresponding icorr values were 10 × 10−7, 10 × 10−10, and 10 × 10−10 A/cm−2, respectively. The Ecorr and icorr values of substrate were −0.715 V and 10 × 10−8 A/cm−2, respectively. The Ecorr values of Al–Ti–Ni coating at the LR powers of 600, 800, and 1000 W were higher than that of substrate. This was because the forming intermetallic compounds of Ni, Ti and Al by XRD analysis all had anti-resistance than S355 steel [38]. The positive shift of Ecorr shows that the electrochemical corrosion resistance of Al–Ti–Ni coating was superior to that of substrate. The Al–Ti–Ni coating at the LR power of 1000 W had the smallest corrosion potential and a smaller corrosion current density, demonstrating that its electrochemical corrosion resistance was the highest.


Figure 18. Polarization curves of Al–Ti–Ni coatings at different LR powers and substrate.
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Its corrosion rate can be expressed as


[image: ]



(14)




where A was the atomic weight of the metal; icorr was the current density; n was the number of the electron transfer; and F was the Faraday constant.



From Equation (14), it can be seen that the corrosion rate (V) was proportional to the electrode corrosion current density (icorr); this suggested that the higher was the corrosion rate, the higher was the electrode corrosion current density. From the viewpoint of the corrosion rate, the electrode corrosion current density of Al–Ti–Ni coating at the LR power of 1000 W was close to that at the LR power of 800 W and much smaller than those of Al–Ti–Ni coating at the LR power of 600 W and substrate. The corrosion potential of the coating at the LR power of 1000 W shows a positive shift; its electrochemical corrosion resistance was superior to those of Al–Ti–Ni coatings at the other two LR powers. That is, the Al–Ti–Ni coating at the LR power of 1000 W shows the best corrosion resistance. From these analyses, it can be seen that the passive film formed on the surface of laser–remelted Al–Ti–Ni coating at the LR power of 1000 W was the main factor that contributed to the improvement in the electrochemical corrosion resistance of Al–Ti–Ni coatings.





4. Conclusions



	
At the LR powers of 600, 800, and 1000 W, the Al–Ti–Ni coating forms a metallurgical bonding with the substrate; the Al–Ti–Ni coating at the LR power of 1000 W shows the best surface and cross-sectional qualities and best performance. Certain amounts of AlNi, Al3Ti, Al3Ni2, Ti3O5, and Al2O3 amorphous phases are detected.



	
The microstructure of Al–Ti–Ni coating at the LR power of 1000 W is uniform, and no obvious defects such as cracks and pores are observed. The corrosion mechanisms are pitting corrosion and uniform corrosion. In contrast, cracks and pores are present on the Al–Ti–Ni coating surfaces at the LR powers of 600 and 800 W, and the corrosion mechanisms are localized corrosion and pitting corrosion.



	
Amorphous phases are detected in the Al–Ti–Ni coating at the LR powers of 600, 800, and 1000 W, and their corrosion potentials are higher than that of S355 steel; this indicates that the laser-remelted Al–Ti–Ni coating improves the electrochemical corrosion resistance of S355 steel. The electrochemical corrosion resistance increases with increasing LR powers.



	
The corrosion potentials of Al–Ti–Ni coatings at the LR powers of 600, 800, and 1000 W are −0.586, −0.399, and −0.233 V, respectively. The corrosion potential of Al–Ti–Ni coating at the LR power of 1000 W shows a positive shift, indicating its higher electrochemical corrosion resistance.
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