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Abstract

:

To address the issue of poor corrosion resistance of the Mg–Li alloy, electroless Ni–P plating was used to create a protective coating. However, there were significant differences between the upper and lower surface coatings, which were summarized as follows: (1) compared with the lower surface, the longitudinal differences between different areas of the upper surface coating were larger; and (2) the denseness of the upper surface coating was insufficient in areas where the insoluble phase was concentrated, resulting in significantly lower corrosion resistance of the upper surface coating than the lower surface. Resolving these differences could compensate for the defects of the upper surface coating so as to improve the overall corrosion resistance of the material. Therefore, in this paper, the deposition process of Ni–P was observed and speculated, and the reasons for these differences were analyzed in combination with experimental phenomena. Based on these, two optimization measures were proposed. The SEM observation results showed that the differences between the upper and lower surface coatings were significantly reduced after optimization. The results of potentiodynamic polarization tests and EIS tests showed that the optimized upper surface coating had good corrosion resistance similar to the lower surface coating.
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1. Introduction


Magnesium–lithium alloys, as ultra-light metallic structural materials, have many outstanding advantages, such as low density, high specific strength, strong shock resistance, excellent castability, etc. [1,2,3]. Due to their great weight reduction potential, magnesium–lithium alloys are widely used in telecommunications, aerospace, automotives and other fields [4,5,6]. However, the poor corrosion resistance of Mg–Li alloys limits their wider industrial application [7,8]. One of the most effective ways to improve corrosion resistance is to create protective coatings on the surfaces of alloys [9,10,11,12]. Therefore, it is particularly important to create protective coatings with excellent corrosion resistance on the surface of Mg–Li alloys. For the surface protection technology of Mg–Li alloys, many methods have been developed, such as micro-arc oxidation, chemical conversion film, anodic oxidation, electroless plating, etc. [13,14,15,16,17]. Table 1 lists a comparison of the corrosion resistance of the above surface protection technologies. As can be seen from Table 1, the electroless Ni–P coating has a more positive corrosion potential, a lower corrosion current density and a higher charge transfer resistance. It indicates that it has good corrosion resistance. Besides this, the Ni–P coating also has the advantage of uniform deposition, which can better complete the surface protection of the Mg–Li alloy substrate [18]. Although the Ni–P coating may cause a change in the magnetic properties of the material, this change is so small as to be negligible [19].



Therefore, in this study, the electroless plating method was chosen to prepare the Ni–P protective coating on the surface of the Mg–Li alloy. However, this paper found that there were significant differences between the upper and lower surfaces during electroless Ni–P plating of the Mg–Li alloys. The details were as follows: (1) compared with the lower surface, the longitudinal differences between different areas of the upper surface coating were larger; and (2) the denseness of the upper surface coating was insufficient in areas where the insoluble phase was concentrated, resulting in significantly lower corrosion resistance of the upper surface coating than the lower surface. In order to achieve adequate protection of the substrate, in this study, first the surface chemical composition and valence states of the activated substrate were evaluated by X-ray photoelectron spectroscopy. Then, the process of electroless Ni–P plating on Mg–Li alloy was deduced by observing the evolution of the microscopic morphology of Ni–P coatings. Immediately afterwards, the reasons for the significant differences between the upper and lower surface coatings were analyzed based on the deposition process and experimental phenomena. Based on these, we proposed two suitable optimization schemes: (1) preheat the substrate to the same temperature as the coating solution before electroless plating; and (2) place a baffle in parallel 1 mm above the substrate during electroless plating. Finally, the results of the potentiodynamic polarization tests and the EIS tests showed that both the optimized upper and lower surface coatings have good corrosion resistance. The adhesion test results showed that the coating had good adhesion to the substrate.




2. Materials and Methods


2.1. Material Preparation


The materials used in this study were LZ91 magnesium–lithium alloys, which were cut into rectangular blocks with a size of 20 × 10 × 5 mm3 as the substrate. The chemical compositions of the alloy were 9.27 Li, 0.85 Zn, 0.26 Al and Mg balance (in wt%). The substrates were sequentially polished with 500 grit, 1000 grit and 2000 grit abrasive papers and 1.5 μm diamond paste to ensure a uniform surface. Then, the samples were ultrasonically cleaned with acetone and deionized water for 10 min each, and finally dried naturally in the atmosphere.




2.2. Coating Preparation


The preparation process of Ni–P coating included the following steps: alkaline degreasing; acid etching; activation; and electroless Ni–P plating. First of all, the substrate was immersed in an alkaline degreasing solution for 10 min at 343.15 K, followed by acid pickling in 60 mL/L phosphoric acid and 20 mL/L nitric acid solution at 295.15 K for 20 s. Immediately after, an activation treatment was carried out in 100 g/L ammonium hydrogen fluoride and 20 mL/L nitric acid solution at 295.15 K for 10 min. A final electroless Ni–P plating was carried out. The substrate was ultrasonically cleaned with deionized water between each step. The composition and conditions of the electroless Ni–P plating bath for magnesium–lithium alloys are shown in Table 2. During the electroless plating process, the sample was suspended horizontally in the plating solution using a plastic tie wire as shown in Figure 1.




2.3. Performance and Characterization


The morphologies of different samples were observed with a scanning electron microscope JSM-6360LV (SEM, JEOL, Tokyo, Japan) and a scanning electron microscope Sigma 300 (SEM, Carl Zeiss, Oberkochen, Germany). The composition of the coating was analyzed with an energy spectrometer X-MAXN20 (Oxford Instruments, Oxford, UK).



The chemical composition of the coating was investigated using an ESCALAB Xi+ X-ray photoelectron spectrometer (XPS, ThermoFischer, Waltham, MA, USA) with an Al Kα (1486.6 eV) monochromatic source. The energy calibration was performed by adjusting the 1s peak of adventitious carbon to 284.8 eV.



Potentiodynamic polarization tests of samples were performed by an electrochemical workstation PGSTAT 302N (Eco Chemie BV, Tilburg, The Netherlands). A three-electrode configuration was used, with a saturated calomel electrode (SCE) as a reference electrode, a platinum sheet as a reference electrode and the sample as a working electrode. The samples were embedded in epoxy resin, leaving only a surface area of 10 × 10 mm2 as the effective working electrode. The corrosive medium was 3.5 wt% NaCl solution. The scanning circuit range was set at −500 mV cathodic and +900 mV anodic with respect to the open circuit potential. The sweeping rate was 1 mV/s and was done at 298.15 K. Electrochemical impedance spectroscopy (EIS) tests were performed in the frequency range from 100 kHz to 0.01 Hz with an AC potential perturbation of 5 mV. All samples had been immersed in 3.5 wt% NaCl solution for 30 min prior to all impedance tests [20,21].



The coating adhesion was tested by an MFT-4000 automatic scratch tester (Lanzhou, Huahui, China). The test conditions were 0–80 N increasing load and the scratch length was 5 mm.





3. Results


3.1. Microscopic Morphology and Composition Analysis


3.1.1. Analysis of Surface Composition after Activation


The surface of the activated Mg–Li alloy was detected by XPS. The chemical state and possible substances on the sample surface were judged according to the characteristic binding energies of different elements. Figure 2a shows the XPS survey spectra on the surface of the sample, which can be found to be composed mainly of C, O, F and Mg elements. The XPS spectra of Mg 1s core level regions are shown in Figure 2b, and the fitting results show that the peaks at 1302.9 eV, 1303.7 eV, and 1304.6 eV correspond to Mg(OH)2, MgO and MgF2, respectively [22,23]. The XPS spectra of the O 1s core level regions are seen in Figure 2c. The diffraction peaks at 530.9 eV and 532.4 eV were attributed to MgO and Mg(OH)2 [24,25,26], respectively, which further confirmed the formation of the above substances. Figure 2d shows the XPS spectra of F 1s core level regions. The binding energy at 685.3 eV was attributed to MgF2, which, together with Figure 2b, illustrated the existence of MgF2.



In summary, it can be shown that the main components of the activated sample surface were Mg(OH)2, MgO and MgF2. Since MgO and Mg(OH)2 were easily soluble in the ammonium salt solution and the plating solution contained ammonium salt, they took the lead in dissolving in the plating solution, and the reaction equation is shown in Equations (1) and (2) in Section 3.2. MgF2 was chemically stable, and its main function was to separate the plating solution from the substrate and prevent the plating solution from corroding the substrate excessively.



In view of the above, we inferred that at the initial stage of the reaction, MgO and Mg(OH)2 constituted the easily soluble phase, while MgF2 constituted the insoluble phase.




3.1.2. Analysis of Surface Composition at the Initial Stage of the Reaction


Figure 3a shows the surface morphology images of the Mg–Li alloy at 2 min into the deposition reaction. It was found that small white particles were produced on the sample surface at this time, which were analyzed by EDS, and the results are shown in Figure 3b. It can be clearly observed that Ni peaks and P peaks appeared on the surface. Then, combined with the elemental mapping of the sample surface shown in Figure 3c,d, it can be judged that the white particles produced on the surface of the sample at the initial stage were Ni–P particles.




3.1.3. The Evolution of the Upper and Lower Surface Morphology of the Mg–Li Alloy with Reaction Time


The evolution of the upper and lower surface morphology of the Mg–Li alloy with reaction time was observed by SEM, respectively. Combined with Figure 4a,b, it can be inferred that at the initial stage of the reaction, the region where the insoluble phase MgF2 was concentrated did not undergo reaction. While Mg(OH)2 and MgO as easily soluble phases dissolve first, and the reaction equation is shown in Equations (1) and (2) in Section 3.2. Subsequently, the deposition reaction was occurred in this region to produce Ni–P particles, as evidenced by the results in Section 3.1.2. At this stage, there was no significant difference between the upper and lower surfaces.



It can be seen from Figure 4c,d that the few Ni–P particles deposited first on the upper surface were larger in size at a deposition reaction time of 10 min, while the small white Ni–P particles on the lower surface covered a wider area, so the color of the lower surface morphology was relatively light. It can be seen from Figure 4e,f that the lower surface had basically completed the coverage of the coating at a deposition reaction time of 20 min. In contrast, the area on the upper surface where the insoluble phase was more concentrated (the dark area in Figure 4e) still had a large number of pores and incomplete coating coverage, indicating that the horizontal growth rate of the coating on the upper surface was much lower than that on the lower surface. In addition, it was interesting to note that there was a clear “border phenomenon” in the coating at this stage. It was considered that the chemical activity at the grain boundaries of the activated surface film layer was relatively high and the distribution of easily soluble phase was concentrated. Therefore, Ni–P started to be deposited along the grain boundaries relatively earlier, resulting in the appearance of some linear “boundaries” in the surface morphology image [27].



After 45 min of the deposition reaction, as shown in Figure 4g,h, the island-like coating was formed in the region of the easily dissolved soluble phase on the upper surface; this can be further seen from the partial enlargement of Figure 4g. In the region where the insoluble phase was concentrated on the upper surface, the coating exhibits a clear regional hysteresis and the presence of significant pores. Meanwhile, the coating on the lower surface was complete and dense.





3.2. Deposition Process Inference


Based on the evolution of the upper and lower surface morphology of the Mg–Li alloy with reaction time and experimental phenomena, the reaction flow chart was drawn as shown in Figure 5. After the activation of the sample, the initial state of the surface is shown in Figure 5a, which consists of the easily soluble phase and the insoluble phase. At the initial stage of the reaction, as shown in Figure 5b, the easily soluble phase dissolved first and the reaction equation is as follows [27]:


Mg(OH)2 + 2NH4+ → Mg2+ + 2NH3·H2O



(1)






MgO + H2O + 2NH4+ → Mg2+ + 2NH3·H2O



(2)







Subsequently, this region took the lead in depositing nickel particles by replacement reaction [28,29]. The reaction equation is as follows:


Mg + Ni2+ → Mg2+ + Ni



(3)






2Li + Ni2+ → 2Li2+ + Ni



(4)







Immediately afterwards, as shown in Figure 5c, the autocatalytic reaction of depositing Ni–P particles was started with the previously generated Ni particles as the catalytic core [30]. A series of reactions are as follows:



H2PO2− in the reducing agent was catalyzed by the Ni particles generated from the previous replace reaction generates HPO32− and atomic active hydrogen was separated out [31].


    H 2  P    O 2   −     +    H 2  O    →   Ni ( catalyst )         HPO 3    2 −     +   2 [ H ]   +    H +   



(5)







The Ni2+ in the plating solution was reduced by atomic active hydrogen to deposit Ni [32].


Ni2+ + 2[H] → Ni + 2H+



(6)







The H2PO2− was reacted with atomic active hydrogen to deposit P [33].


H2PO2− + [H] → H2O + OH− + P



(7)







The remaining atomic active hydrogen interacted to produce H2 [34].


2[H] → H2↑



(8)







During the experiment, the direction of the bubbles on the upper and lower surfaces of the substrate during the autocatalytic reaction stage is observed as shown in Figure 5c. The bubbles generated at the catalytic core on the upper surface flowed directly upward, driving [H] to flow directly upward. The insoluble phase concentrated region lacked [H] from horizontal diffusion, resulting in faster longitudinal growth and slower horizontal unfolding of Ni–P. Meanwhile, the bubbles generated at the catalytic core on the lower surface, under the action of buoyancy, flow uniformly along the horizontal direction, thus promoting the horizontal flow of [H] and the occurrence of the reaction Equations (6)–(8) in the region of insoluble phase concentration, causing the Ni–P particles on the lower surface to diffuse rapidly in the horizontal direction. This would result in the lower surface completing the coating coverage of the substrate faster than the upper surface, which is consistent with the phenomena observed in Figure 4e,f of Section 3.1.3. Finally, the deposition reaction was completed, but significant differences appeared on the upper and lower surfaces as shown in Figure 5d; that is: (1) compared with the lower surface, the longitudinal differences between different areas of the upper surface coating were larger; and (2) the denseness of the upper surface coating was insufficient in areas where the insoluble phase was concentrated.



In summary, it was inferred that the electroless Ni–P plating process of Mg–Li alloy was divided into three main stages as follows. The first stage was the dissolution of the easily soluble phase of the surface film layer. The reaction equation is shown in Equations (1) and (2). The second stage was the replacement reaction stage. The reaction equation is shown in Equations (3) and (4). The third stage was the autocatalytic reaction stage. The reaction equation is shown in Equations (5)–(8).



In view of the above, the reasons for the significant differences formed on the upper and lower surfaces were considered as follows:




	
Due to the special characteristics of Mg–Li alloy material, to be used as a substrate it must be activated with fluoride first. This led to the formation of the surface initial state with Mg(OH)2 and MgO as the easily soluble phase and MgF2 as the insoluble phase on the sample surface. At the first stage, the region where the easily soluble phase was concentrated took the lead in dissolving and forming the catalytic core of Ni and started depositing. Meanwhile, the region where the insoluble phase was concentrated dissolved slowly, leading to a time difference of the deposition reaction in different regions.



	
At the third stage, due to the direct upward flow of the bubbles generated at the catalytic core on the upper surface, which drove [H] to flow directly upward. The region where the insoluble phase was concentrated lacked [H] coming from horizontal diffusion, resulting in a lag in the deposition reaction in this region. While the bubbles generated at the catalytic core on the lower surface, under the effect of buoyancy, the bubbles flowed uniformly along the horizontal direction, thus promoting the horizontal flow of [H], which facilitated the occurrence of the reaction Equations (6)–(8) in the insoluble phase concentration region, which caused the Ni–P particles on the lower surface to spread rapidly in the horizontal direction. This eventually led to the formation of obvious differences between the upper and lower surfaces of the plating.









3.3. The Evolution the Optimized Upper Surface Morphology of the Mg–Li Alloy with Reaction Time


Since there was a significant lag in the horizontal growth rate of the upper surface coating compared to the vertical growth rate during the process of electroless plating. Therefore, an improvement measure was proposed: placing a baffle in parallel 1 mm above the substrate, with the intention of promoting the horizontal flow of air bubbles as a way to accelerate the horizontal diffusion rate of [H]. The optimization measure of preheating the substrate to the same temperature as the coating solution before electroless plating aims at accelerating the dissolution process of the easily soluble phase in each area of the surface and shortening the time difference between the beginning of Ni–P deposition in each area.



Figure 6a–d shows the evolution of the optimized upper surface morphology of the Mg–Li alloy with reaction time. From Figure 6a, it can be seen that at a deposition reaction time of 2 min, most of the easily soluble phases on the upper surface have dissolved and started depositing Ni–P. However, at the same stage before optimization, Ni–P deposition was not evident in most of the area, which indicated that these optimization measures did shorten the time difference of Ni–P deposition initiation.



When the deposition reaction proceeded to 10 min, as shown in Figure 6b, all areas of the surface had entered the Ni–P deposition stage, and there were no obvious lagging areas. At a deposition reaction time of 20 min, as shown in Figure 6c, the surface was basically covered by the Ni–P layer and only a few pores existed. However, there was still a regional hysteresis in the deposition of the surface layer at the same stage before optimization (as can be seen by comparison with Section 3.1.3, Figure 4e, indicating that the optimization measures did accelerate the horizontal growth rate of the upper surface coating. Furthermore, as seen in Figure 6c, the “boundary phenomenon” of the plating layer was no longer obvious at 20 min, which was considered to be caused by two optimization measures that narrowed the differences in Ni–P deposition near the boundary. At 45 min, as shown in Figure 6d, a complete and dense Ni–P layer was formed on the upper surface of the sample.



In summary, the two optimization measures were considered to perform the following functions: (1) preheating would accelerate the dissolution process of each region of the substrate surface in the plating solution, thus shortening the time difference of the deposition reaction in each region; and (2) the baffle would promote the horizontal flow of bubbles at the catalytic core on the upper surface, thus accelerating the horizontal diffusion rate of [H] and promoting the deposition of Ni–P in the area where the insoluble phase was concentrated.




3.4. Corrosion Resistance Test of Coating


3.4.1. Potentiodynamic Polarization Test


Figure 7 shows the potentiodynamic polarization curves of the substrate, the upper and lower surfaces of the Ni–P coating on magnesium–lithium alloy before and after optimization in 3.5 wt% NaCl solution. As shown in Figure 7, the corrosion potentials of the substrates with the coating all showed a positive shift. The corrosion potential of the upper surface coating (−0.758 V) before optimization showed a significant positive shift compared with that of the magnesium–lithium alloy substrate (−1.465 V). However, compared with the upper surface, the corrosion potential of the lower surface coating (−0.452 V) showed a further positive shift and possessed a lower corrosion current density. This indicated that both the upper and lower surfaces of the Ni–P coating provided certain protection to the substrate after 45 min of electroless plating; however, there was still a significant difference in the corrosion resistance between the upper and lower surfaces, thought to be caused by the lack of denseness of the upper surface coating. After optimization, the corrosion potential of the upper surface coating was −0.445 V, and the corrosion current density decreased by two orders of magnitude compared with that of the substrate. At this time, the polarization curves of both the upper and lower surface coatings had obvious passivation zones. This indicated that both the upper and lower surfaces of the optimized coating showed better corrosion resistance.




3.4.2. Electrochemical Impedance Spectroscopy Test


In order to further evaluate the corrosion resistance of the optimized upper surface coating, EIS tests were performed on the substrate and optimized upper surface coating, and the Nyquist curve is shown in Figure 8a. For the substrate, it showed a high-medium frequency capacitive loop and a medium-low frequency inductive loop. For the optimized upper surface coating, only one capacitive loop was shown. It was generally believed that metal surfaces covered with passivation films might generate inductive loops during the passivation film pitting induction period [35]. However, it can be observed in the Nyquist curve plot that the optimized upper surface coating was clearly free of inductive loop; therefore, it can be assumed that no pitting occurred on the optimized upper surface coating [36,37]. In addition, in general, the radius of curvature of the capacitive loop in the Nyquist diagram was proportional to the charge transfer resistance. The larger the charge transfer resistance, the more difficult the diffusion of ionic reactions in solution, which meant that the sample was more resistant to corrosion [38,39]. From Figure 8a, it can be seen that the radius of curvature of the capacitive loop of the optimized upper surface coating was much larger than that of the substrate, which indicated that the optimized upper surface coating had a good corrosion inhibition effect.



The equivalent circuit diagram of the substrate and the optimized upper surface coating is shown in Figure 8b,c. RS was the solution resistance, RL was the inductive resistance, L was the inductance, and CPE was the constant phase element used instead of pure capacitance. RCT was the charge transfer resistance, which responded to the ease of charge crossing the interface between the two phases of the solution and the sample surface during the reaction [40]. The diagram visually reflects the rapidity of the corrosion rate [41]. The EIS data were fitted based on the equivalent circuit model in Figure 8b,c. The fitting results are shown in Table 3. The RCT value of the optimized upper surface coating was 30,967 Ω·cm2, which increased the charge transfer resistance by 135.7 times compared to the substrate (228.2 Ω·cm2). In summary, it indicated that the optimized upper surface coating had good corrosion resistance.





3.5. Coating Adhesion Test


To ensure that the coating adheres tightly, the adhesion between the optimized surface coating and the substrate was measured by an automatic scratch tester. The diamond conical indenter slid on the coating and the loading force gradually increased. When it reached the critical value, the coating would be scratched and the friction curve would change instantaneously. The critical loading force when the coating was scratched was the coating adhesion force [42,43].



It can be seen from Figure 9 that the friction curve changed instantaneously when the loading force was 55.6 N, indicating that the increase in loading force did not reach the critical value until 55.6 N. This indicated good adhesion between the coating and the substrate.




3.6. Analysis of the Surface Composition of Coatings


Tests were performed with XPS in order to determine the specific composition of the electroless coating. The chemical state and possible substances on the sample surface were judged according to the characteristic binding energies of different elements. Figure 10a shows the XPS survey spectra of the coating surface, which can be found to be composed mainly of C, O, Ni and P elements. The C element was ascribed to the ubiquitous carbon on air-exposed metal surfaces [44]. The XPS spectra of Ni 2p3/2 core level regions are shown in Figure 10b, and the fitting results showed that the peaks at 852.2 eV, 852.6 eV and 853.3 eV correspond to Ni–P, NiO and Ni(OH)2 [44,45], respectively. Figure 10c shows the XPS spectra of P 2p core level regions, with peaks at 129.6 eV and 130.5 eV attributed to P elements and Ni–P, respectively [46]. Figure 10d shows the XPS spectra of O 1s core level regions, with diffraction peaks at 530.1 eV and 531.1 eV attributed to NiO and Ni(OH)2 [46].



In summary, the electroless coating was composed of Ni–P, NiO and Ni(OH)2. No Mg, Li, or F elements were detected on the surface, indicating that the coating coverage was complete.





4. Discussion


In addition to the results presented in this paper, the authors have a few more elements they would like to clarify.



Firstly, similar phenomena were found by the authors’ colleagues when electroless Ni–P plating was performed on the surfaces of other similar alloys. Secondly, prior to optimization using ultrasonic techniques, the electroless Ni–P coating prepared by Elsa Georgiza [10] on the surface of magnesium alloys was similar to the upper surface morphology of the coating in this paper. It also seemed to suffer from excessive longitudinal differences and insufficient denseness.



Interestingly, all of these alloys were treated with fluoride prior to electroless plating. Therefore, the authors proposed a speculation; namely, that all alloy materials pretreated with fluoride may show significant differences between the upper and lower surface coatings after electroless Ni–P plating. However, the results of the authors’ colleagues have not yet been published, and Elsa Georgiza did not characterize the upper and lower surfaces separately. Therefore, the authors could not further determine the reliability of the speculation, and require the assistance of other scholars for this speculation to be proved.




5. Conclusions


	1.

	
The reasons for the significant differences formed on the upper and lower surfaces were considered as follows:



	
Due to the special characteristics of Mg–Li alloy material, when used as a substrate it must be activated with fluoride first, leading to the formation of the surface initial state. At the stage of dissolution of the easily soluble phase (the first stage), the region where the easily soluble phase was concentrated took the lead in dissolving and forming the catalytic core of Ni and started depositing Ni–P earlier. Meanwhile, the region where the insoluble phase was concentrated dissolved slowly, leading to a time difference of the deposition reaction in different regions;



	
At the autocatalytic reaction stage (the third stage), due to the direct upward flow of the bubbles generated at the catalytic core on the upper surface, which drove [H] to flow directly upward, the region where the insoluble phase was concentrated lacked [H] coming from horizontal diffusion, resulting in a lag in the deposition reaction in this region. The bubbles generated at the catalytic core on the lower surface, under the effect of buoyancy, flowed uniformly along the horizontal direction, thus promoting the horizontal flow of [H], which facilitated the occurrence of Ni–P deposition reaction in the insoluble phase concentration region, which caused the Ni–P particles on the lower surface to spread rapidly in the horizontal direction. It eventually led to the formation of obvious differences between the upper and lower surfaces of the plating.







	2.

	
In order to promote the dissolution of the easily soluble phase and accelerate the horizontal flow of [H] on the upper surface, two optimization measures were proposed:



	
Preheating the substrate to the same temperature as the coating solution before electroless plating;



	
Placing a baffle in parallel 1 mm above the substrate during electroless plating.










After optimization, compared with the substrate, the plating structure of the upper surface of the sample was more dense and the corrosion potential was positively shifted by 1.02 V. The corrosion current density decreased by two orders of magnitude, and the charge transfer resistance increased by 135.7 times. It indicated that the corrosion resistance of the upper surface was effectively improved after optimization, and the difference between the upper and lower surfaces of the plating was significantly reduced. In addition, the optimized coating has a good adhesion force of 55.6 N.
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Figure 1. The status of the sample during electroless plating. 
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Figure 2. (a) XPS survey spectra; (b) XPS spectra of Mg 1s core level regions; (c) XPS spectra of the O 1s core level regions; (d) XPS spectra of F 1s core level regions. 
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Figure 3. (a) The surface morphology images of the Mg–Li alloy at 2 min into the deposition reaction; (b) EDS spectrum of Mg–Li alloy at 2 min into the deposition reaction; (c,d) element mapping of Mg–Li alloy at 2 min into the deposition reaction. 
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Figure 4. The evolution of the upper and lower surface morphology of the Mg–Li alloy with reaction time. Upper surface: (a) 2 min, (c) 10 min, (e) 20 min, (g) 45 min and its partial enlargement; Lower surface: (b) 2 min, (d) 10 min, (f) 20 min, (h) 45 min. 
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Figure 5. Schematic diagram of the process of depositing Ni–P on the surface of Mg–Li alloy: (a) the initial state, (b) dissolution of easily soluble phase and the replacement reaction, (c) the autocatalytic reaction, and (d) deposition completion. 
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Figure 6. The evolution of the optimized upper surface morphology of the Mg–Li alloy with reaction time: (a) 2 min, (b) 10 min, (c) 20 min, (d) 45 min. 
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Figure 7. Potentiodynamic polarization curves of substrate, the upper and lower surfaces of Ni–P coating on magnesium–lithium alloy before and after optimization in 3.5 wt% NaCl solution: (curve a) magnesium–lithium alloy substrate; (curve b) upper surface of Ni–P coating before optimization; (curve c) lower surface of Ni–P Coating before optimization; (curve d) upper surface of Ni–P coating after optimization. 
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Figure 8. EIS diagrams of LZ91 Mg–Li alloy substrate and optimized upper surface Ni–P coating in 3.5 wt% NaCl solution: (a) Nyquist plot; (b) equivalent circuit diagram of the substrate; (c) equivalent circuit diagram of optimized upper surface Ni–P coating. 
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Figure 9. The adhesion test of the optimized electroless Ni–P coating of Mg–Li alloy. 
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Figure 10. (a) XPS survey spectra; (b) XPS spectra of Ni 2p3/2 core level regions; (c) XPS spectra of the P 2p core level regions; (d) XPS spectra of O 1s core level regions. 
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Table 1. The comparison about the corrosion resistance of the surface protection technologies.
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	Materials
	Coating
	Surface Treatment
	Ecorr/V
	icorr/(A/cm−2)
	RCT/Ω·cm2
	Reference





	Mg–Li
	Anodic oxide film
	Anodizing
	−1.69
	5.07 × 10−5
	700
	[13]



	Mg–Li
	MAO ceramic film
	Micro-arc oxidation
	−1.5
	2.39 × 10−5
	3652
	[16]



	Mg–Li
	phosphate-permanganate
	chemical conversion
	−1.57
	-
	-
	[14]



	Mg–Li
	Ni–P
	Electroless plating
	−0.34
	8 × 10−6
	25,000
	[15]
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Table 2. The composition and conditions of the electroless Ni–P plating bath for magnesium–lithium alloys.
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	Composition and Conditions
	Concentration





	NiCO3·2Ni(OH)2·4H2O
	15 g/L



	NaH2PO2·H2O
	20 g/L



	C6H8O7·H2O
	7 g/L



	HF
	14 mL/L



	NH4HF2
	10 g/L



	CH3CHOHCOOH
	15 mL/L



	Thiourea
	1 mg/L



	NH3·H2O
	a little



	pH
	5.5–6.0



	Temperature
	358.15 K
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Table 3. Estimated parameters of the equivalent circuit elements for Mg–Li alloy substrate and optimized upper surface Ni–P coating.
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	Samples
	RS/Ω·cm2
	RCT/Ω·cm2
	RL/Ω·cm2
	L/H·cm−2
	CPE/(Ω−1·Sn·cm−2)
	n





	A
	168.9
	228.2
	142.9
	643.5
	0.000206
	0.87202



	B
	109.2
	30967
	-
	-
	1.6384 × 10−5
	0.93368
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