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Abstract 

The growing need for lightweight aluminum alloys in transportation and aerospace demands advanced surface protection 

solutions. While electroless Ni-P coating offers excellent corrosion resistance, its performance critically depends on 

zincating pretreatment - a process whose multi-step optimization remains insufficiently studied. This study investigates the 

influence of single, double, and triple zincating on the morphology of zincate layers and their subsequent impact on the 

deposition of electroless Ni-P coatings. AA5052 underwent zincating treatments in 200 g/L NaOH + 10 g/L ZnO solution 

before electroless Ni-P deposition at 80°C (pH5) in nickel sulfate and sodium hypophosphite. Surface characterization was 

performed using FE-SEM/EDS, while electrochemical properties were evaluated through EIS in 0.5M H2SO4 solution. Key 

findings demonstrate that double zincating generates an optimal surface morphology, in form of porous microstructure 

(average pore size of 0.28μm), that enhances Ni-P nucleation. This morphology yields the highest Ni percentage, and 

corrosion resistance exhibiting the largest arc radius semicircle. Single zincating produces discontinuous deposits (0.33μm 

granules), while triple treatment creates over-smoothed surfaces compromising adhesion. The study concludes that the 

porous Zn layer from double zincating optimizes Ni-P coating adhesion and corrosion protection by providing mechanical 

anchoring sites, whereas excessive pretreatment diminishes nucleation efficacy. 
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1. Introduction  

In order to lower the energy consumption of transportation, aerospace, and other field, the modern world needs to 

adopt energy-saving measures. Therefore, utilizing new, cost-effective technologies and lightweight materials is crucial to 

attain this urgent objectivee [1, 2]. In this regard, owing to the superior workability and corrosion resistance, aluminum 

alloys are increasingly employed to enhance fuel efficiency by minimizing weight [3-5]. One of the most promising alloys 

is Al-Mg alloy, which possesses unique advantages such as lightweight, high formability, weldability, high strength, 

conductivity, and excellent processability [6-8]. Nevertheless, Al-Mg alloys demonstrate shortages in surface performance 

due to their inadequate corrosion resistance and mechanical properties in aggressive environments. Hence, it is crucial to 

implement a protective surface modification to enhance the corrosion resistance of Al-Mg alloys [9, 10]. 

Electroless deposition is an effective protective technique that results in a consistent coating with minimal porosity and 

excellent adhesion to the substrate. It is a simple, quick, and cost-efficient process. As a result, electroless coatings are 

widely utilized as a surface modification method for aluminum to prevent corrosion [8, 11]. Electroless nickel coatings 

have become increasingly popular as a result of their high hardness, as well as their exceptional resistance to wear, 

abrasion, and corrosion on aluminum alloys [12, 13]. Previous research has demonstrated that electroless nickel alloys can 

enhance the strength, tribo-mechanical properties, and corrosion resistance of aluminum substrates [14-17]. Furthermore, 

electroless nickel surpasses other protective coatings in terms of thickness uniformity and conformity to complicated 

shapes [18]. However, the adhesion between coatings and underlying substrates is decreased by the highly stable and rapid 

formation of an oxide layer on the aluminum surface. Therefore, specific pretreatments are required prior to nickel 

coating on aluminum alloy [13, 19, 20]. 

Zincating is the most practical and satisfactory method of aluminum preparation before further deposition [21-23]. 

Zincating represents an electrochemical exchange reaction involving zinc complexes within the solution and the aluminum 

substrate, resulting in the deposition of zinc crystallites through the dissolution of aluminum. The deposition of zinc serves 

to safeguard the surface, thereby establishing a robust foundation for any subsequent layers of deposition. To enhance the 

adhesion strength of the Zn layer, it is advantageous to employ a multiple immersion zincating operation [4].  

Nevertheless, the prevailing method employed on Al-Mg and other aluminum alloys is the double zincating process. 

Although the multisteps zincating method of the substrate plays a crucial role in determining the morphology and the 

properties of electroless Ni-P coatings on aluminum alloys, there is a notable scarcity of published research addressing this 

topic. This study aims to bridge this knowledge gap by systematically investigating the impact of single, double, and triple 

zincating treatments on the morphology of the zincate layer and its subsequent effect on the characteristics of electroless 

Ni-P coatings deposited on AA5052 aluminum alloy. 

 

2. Materials and Methods  
2.1. Materials 

Square specimens of commercially AA5052 aluminum alloy, measuring 1.5 cm x 1.5 cm, were used in this study. The 

specimens were initially subjected to a mechanical polishing process using a series of abrasive papers with grit sizes 

ranging from 100 to 1500. Following polishing, the specimens were thoroughly rinsed with distilled water, then degreased 

in a 5% NaOH solution at 50°C for 3 minutes. After a preliminary cleaning in acetone for 30 seconds, AA5052 was acid-

striped for 1 minute in a 1M H2SO4 solution. 

 

2.2. Zincating Pretreatment 

The AA5052 substrates were subjected to a zincating pretreatment process to enhance the adhesion of the subsequent 

Ni-P coating. Zincating was performed using a solution containing 200 g/L NaOH and 10 g/L ZnO at room temperature. 

Three different zincating procedures were employed: single, double, and triple immersion, each with an immersion time of 

2 minutes. For the double and triple zincating procedures, the AA5052 substrates were rinsed with deionized water and 

immersed in a 1 M H2SO4 solution for 1 minute between each immersion step. 

 

2.3. Ni-P Deposition 

The final step is the electroless deposition of Ni-P on the zincated specimens. The coating process was carried out in a 

solution containing 30 g.L–1 nickel sulfate as a source of nickel, 20 g.L–1 sodium hypophosphite as a source of phosphorus 

and reducing agent, and 20 g.L–1 sodium citrate as a complexing ligand. The solution was maintained at 80oC and pH 5 for 

60 minutes. 

 

2.4. Morphological Analysis 

The surface morphology and elemental distribution of Ni-P coated AA5052 were examined using Field Emission 

Scanning Electron Microscopy FEI Inspect F50. It is equipped with EDS analysis to determine the chemical composition of 

the coatings. The composition of the coating was investigated through energy dispersive spectroscopy (EDS) analysis. 

 

2.5. Electrochemical Analysis 

EIS is conducted to determine the resistance of zincating surfaces and Ni-P layers by immersion in a solution of 0.5 M 

H2SO4 with O2 bubbles at room temperature. The EIS is carried out using a conventional three-electrode cell assembly: 

AA5052 as a working electrode, graphite as a counter electrode, and Standard Calomel Electrode (SCE) as a reference 

electrode. This test is conducted in the frequency range of 100 kHz-0.01 Hz. 
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3. Results and Discussions 
3.1. Analysis of Zinc Deposits 

The immersion of aluminum within an alkaline zincate solution initiates a redox reaction at the aluminum-solution 

interface. This zincate process can be characterized by two distinct electrochemical reactions occurring at separate sites on 

the aluminum surface: anodic dissolution of aluminum and cathodic reduction of zinc. The chemical reactions underpinning 

the zincate immersion process can be represented as follows [24, 25]: 

The anodic reaction comprises the dissolution of the aluminum substrate, 

Al + 2H2O → AlO2
- + 4H+ + 3e-       (1) 

While the cathodic reaction involves the reduction of zinc ions from the alkaline zincate solution, 

Zn(OH)4
2- + 2e- → Zn + 4OH-       (2) 

This galvanic coupling between the aluminum and the zincate solution results in the deposition of zinc particles onto 

the aluminum surface, 

2Al + Zn(OH)4
2- → 2AlO2

- + 3Zn + 4H2O + 4OH-                   (3) 

 

Figure 1. and Table 1 depict the FE-SEM pictures and EDS analysis of AA5052 following various zincate pretreatment 

methods, comprising single, double, and triple treatments. As indicated in the images, all zincate treatments resulted in 

noticeable zinc deposition on the AA5052 surface. Due to the interaction of chemical dissolution (by acidic solution) and 

galvanic replacement in the zincate bath, variations in morphology were observed depending on the number of zincate 

treatments applied. 

Figure 1a. depicts the surface of AA5052 subsequent to a single zincating treatment. The zinc deposit exhibits a non-

uniform and heterogeneous morphology, characterized by a varied distribution of particle sizes. Both larger agglomerated 

clusters and smaller granular particles are observed. The agglomerated clusters are not densely packed, indicating 

inhomogeneous surface coverage. ImageJ analysis revealed an average diameter of 0.33 μm for the granular particles. This 

inhomogeneous phenomenon may be attributed to the uneven surface of the AA5052 substrate resulting from the acid-

cleaning process. Lee, et al. [26] in their research showed a correlation between zinc nucleation sites and both surface 

roughness and electrochemical properties. The initial stage of zinc deposition is characterized by the preferential formation 

of zinc clusters on convex regions of the aluminum surface, corresponding to peaks and edges. While aluminum dissolution 

occurs across the entire substrate, the high conductivity of the aluminum facilitates electron transport, promoting zinc 

reduction and deposition at these convex sites. Moreover, convex areas benefit from shorter diffusion paths for zinc ions 

from the zincate solution, further enhancing deposition. In addition, distinct needle-like structures with an average length of 

2.16 μm are observed, suggesting the presence of crystalline zinc phases.  

 

  
(a) (b) 
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(c) 
Figure 1. 

SEM images of AA5052 aluminum alloy surfaces subjected to (a) single, (b) double, and (c) triple zincate treatments. 

 

Figure 1b. reveals a porous morphology, with an average pore diameter of 0.28 μm, on the double zincated AA5052 

surface. This morphology is primarily attributed to the dissolution of Zn nuclei after acid stripping on H2SO4. A closer 

examination of the image highlights a sub-surface porous microstructure interspersed with open pores. This phenomenon 

likely arises from the leaching of both underlying and overgrown Zn deposits. Furthermore, Zn deposits exhibit greater 

thickness in regions adjacent to porous areas. Under conditions of pronounced surface irregularities such as deep cavities 

and porous, zinc ion diffusion is significantly hindered. Nevertheless, the anodic dissolution of aluminum and cathodic 

reduction of zinc ions continues at a considerably fast rate, leading to the localized growth of large zinc deposits adjacent to 

the porous structure. 

Figure 1c. illustrates the surface morphology of the Zn deposit formed after a triple zincating treatment. The zinc 

coating exhibits a relatively uniform coverage across the substrate surface, with most of the substrate area being covered by 

the deposit. The surface displays a smooth texture composed of the fusion of granular structures. The zinc deposits 

effectively seal the porous morphology through overlapping layers of zinc, resulting in enhanced surface coverage and 

uniformity. 

 
Table 1. 

The EDS results of AA5052 aluminum alloy surfaces subjected to (a) single, (b) double, and (c) triple zincate treatments. 

Treatment Al (wt.%) Zn (wt.%) Al (at.%) Zn (at.%) 

Single Zincate 54.14  0.09 45.86  0.26 74.09  0.13 25.91  0.15 

Double Zincate 63.21  0.08 36.79  0.20 80.63  0.11 19.37  0.11 

Triple Zincate 62.26  0.10 37.74  0.24 79.99  0.13 20.01  0.13 

 

EDS analysis, as seen in Table 1, reveals an approximate 18% reduction in zinc content between the single and 

subsequent double or triple zincate treatments. This observation suggests that repeated zincating cycles, despite increasing 

the overall zinc deposition, might not necessarily translate to a thicker coating. According to Pachchigar, et al. [4] possible 

contributing factor is the galvanic overpotential during single zincating is higher than in double and triple zincating. This 

higher overpotential drives a faster initial deposition rate, leading to a thicker zinc layer in the single zincating process. In 

double and triple zincating, the overpotential is lower, resulting in a slower deposition rate and thinner layers. 

 

3.2. Analysis of Nickel Deposits 

According to the mechanism proposed by Brenner and Riddell, the so-called electrochemical mechanism, the chemical 

reactions elucidate the Ni-P electroless deposition process on zincated AA5052 can be represented as follow: 

An anodic reaction involves the generation of electrons through the interaction of water and hypophosphite [27] : 

H2PO2
- + H2O → H2PO3

- + 2H+ + 2e-                     (4) 

Cathodic reactions that utilize the electrons produced in (4) 

Ni2+ + 2e- → Ni            (5) 

2H+ + 2e- → H2          (6) 

H2PO2
- + 2H+ + e- → P + 2H2O        (7) 

 

Figure 2 displays scanning electron microscopy (SEM) images of the zincated AA5052 surface after undergoing Ni-P 

electroless deposition. As depicted in Figure 2a and c the substrate undergoing single and triple zincating exhibits a dual 

morphological regime: uniformly distributed nodular structures with prominent crater-like formations. However, Figure 2b 

shows a different morphology with no crater formation, the Ni-P deposits were observed predominantly on the AA5052 

substrate subjected to double zincating. The deposit exhibits a characteristic spheroidal nodular morphology, with 
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individual nodules averaging 0.47 μm in diameter. Furthermore, these nodules aggregated into coalesced clusters, 

measuring approximately 2.1 μm in average diameter, indicative of progressive growth and interfacial merging during 

deposition. The resulting Ni layer exhibited a non-uniform and non-continuous morphology.  

 

  
(a) (b) 

 
(c) 
Figure 2. 

SEM micrographs with corresponding EDS analysis of the AA5052 surface after (a) single, (b) double, and (c) triple zincating, followed by Ni-P 

electroless deposition. 

 

Energy-dispersive X-ray spectroscopy (EDS) analysis, as seen in Table 2, reveals a lower percentage of Zn on the 

AA5052 surface after Ni-P deposition. This observation suggests that the electroless Ni-P deposition process on AA5052 

involves not only the oxidation of hypophosphite but also the oxidation and dissolution of the Zn deposit in anodic sites 

with the reaction of : 

Zn → Zn2+ + 2e−         (8) 

 

This finding aligns with the observations of Court, et al. [24] which reported the dissolution of the Zn layer prior to 

electroless Ni deposition on aluminum substrates, accompanied by a shift towards a less negative potential. Furthermore, 

the dissolution of the Zn layer in this study likely compromises the adhesion of the Ni-P coating on the AA5052 surface, 

potentially by disrupting the formation of a robust interface between the aluminum substrate and the Ni-P deposit. This 

compromised adhesion could result in a reduction in the catalytic activity necessary for efficient Ni-P deposition.  

Moreover, Table 2 demonstrates a marked increase in Ni content between single and double zincating processes, which 

notably correlates with enhanced Ni-P layer deposition following double zincating process. However, Ni content drops 

dramatically after the triple zincate treatment. This study reveals that the morphology of the Zn nuclei, whether rough, 

smooth, or dense, does not solely dictate the effectiveness of subsequent electroless Ni-P plating and adhesion on AA5052. 

Instead, the effectiveness of the Ni-P deposition process on zincate-pretreated Al5052 alloy is primarily attributed to the 

distinctive porous structure of the zincate layer. This hierarchical, porous architecture provides a significantly larger surface 

area compared to a conventional Zn immersion layer, which is crucial for mechanical interlocking sites during the 

deposition process. This result aligns with the finding of Zhai, et al. [28] which reported that substrate surface morphology 

is a critical determinant of Ni-P coating adhesion. Their work demonstrated that after electroless deposition, a compact Ni-

P coating was embeded into the porous network. 
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Table 2. 

The EDS results of of AA5052 aluminum alloy surfaces subjected to (a) single, (b) double, and (c) triple zincate treatments. 

Treatment Al (wt%) Zn (wt%) Ni (wt%) Al (at%) Zn (at%) Ni (at%) 

Single Zincate 76.7  0.1 5.9  0.1 17.5  0.1 88.6  0.1 3.1  0.1 8.3  0.1 

Double Zincate 67.1  0.1 2.5  0.1 30.4  0.1 81.7   0.1 1.3  0.1 17.0  0.1 

Triple Zincate 96.0  0.1 1.6  0.1 2.4  0.1 98.2  0.1 0.7  0.13 1.1  0.1 

 

Scanning electron microscopy analysis, as depicted in Figure 3 revealed the formation of intergranular cracks within 

the zincate layer on the AA5052 substrate subsequent to its immersion in the electroless Ni-P plating solution. This 

phenomenon implies that the chemical interaction occurring at the interface between the zincate film and the Ni-P plating 

bath generated internal stresses sufficient to induce the crack of the zincate layer. Notably, The SEM image reveals that the 

Ni-P deposit does not grow within the cracks and adjacent to them on the zincated Al5052 surface. This phenomenon can 

be attributed to the characteristics of the cracks and their influence on the electroless deposition process. The cracks in the 

zincated AA5052 substrate may act as localized anodic sites with increased reactivity due to stress concentration and 

exposed edges. Therefore, making them less favorable for nickel deposition. Furthermore, the galvanic coupling between 

the more active zincated AA5052 and the less active nickel may make the displacement reaction between the anodic 

zincated aluminum and cathodic nickel ions in the electroless bath proceeds at a significantly high rate near the cracks. As a 

result, large nickel particles are preferentially formed near the cracks due to the localized high concentration of nickel ions 

and the rapid deposition kinetics. 

 

 
Figure 3. 

Scanning electron microscopy (SEM) image of the double zincated AA5052 surface after Ni-P deposition. The image is taken at a magnification of 5000x 
and highlights the formation of cracks within the Zn layer. 

 

3.3. Electrochemical Behaviour of Ni-P/AA5052 with Various Zincating Pretreatments 

Figure 4 displays the Nyquist plots measured at open-circuit potential (OCP) for bare AA5052 and Ni-P/AA5052 

substrates subjected to single, double, and triple zincating pretreatment. The impedance spectra were interpreted using an 

equivalent electrical circuit model (shown in the figure inset), consisting of solution resistance (Rₛ), multiple charge transfer 

resistances (R₁–R₅), constant phase elements (CPE₁, CPE₂), and an inductance (L₁) which accounts for the observed 

inductive loop at low frequencies. 
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The plots exhibit one semicircular arc, which is a combination of high-frequency and medium-frequency arcs, 

followed by a low-frequency inductive loop, indicating complex interfacial processes. The high-frequency arc is typically 

attributed to the response of the Ni-P coating layer, while the medium-frequency arc corresponds to the double layer and 

charge transfer resistance at the substrate/ Ni-P interface.  

The presence of an inductive loop suggests adsorption/desorption processes or localized corrosion phenomena such as 

pitting, which are frequently observed in systems involving passive layer breakdown on aluminum alloys. The consistent 

appearance of this feature across all samples may reflects: (i) inhomogeneous Ni-P deposition characteristics, and (ii) 

intergranular cracking in the zincate layer that facilitate substrate pitting. Moreover, the occurrence of intergranular cracks 

in the zincate layer, particularly after the Ni-P deposition process(Figure 3), highlights stress-induced failure points that 

compromise coating uniformity and could serve as electrochemical weak spots. 

Electrochemical impedance spectroscopy revealed distinct performance variations among the coated samples. The 

double zincate/Ni-P treated AA5052 exhibited the largest capacitive arc diameter in Nyquist plots, demonstrating the 

highest polarization resistance and consequently, the most effective corrosion protection. In contrast, both single and triple 

zincate specimens showed impedance responses comparable to uncoated AA5052, indicating negligible improvement in 

corrosion resistance. These electrochemical findings align precisely with the EDS results, which revealed a significant 

increase in Ni content from single to double zincating, indicative of a substantially greater deposition of the Ni-P layer after 

the double zincate treatment. Moreover, it was observed that the Ni content sharply decreased following the triple zincate 

treatment, correlating with the diminished corrosion protection. 

 

 
Figure 4. 
Nyquist curves of the AA5052 surface after single, double, and triple zincating, followed by Ni-P electroless deposition. 

 

The close agreement between the measured data (symbols) and the simulated curves (solid lines) supports the validity 

of the chosen equivalent circuit model. The differences in impedance behavior among the coated samples highlight the 

critical role of zincating steps as a pretreatment Ni-P deposition, in determining protective performance. In particular, 

double zincating appears to offer an optimal balance between barrier protection and electrochemical stability, likely due to 

the distinctive porous structure of the zincate layer, which facilitates enhanced Ni nucleation and adhesion. This surface 

morphology promotes a higher percentage of Ni incorporation on the substrate surface during subsequent electroless 

plating. 

 

4. Conclusion 
This study elucidates the critical relationship between zincate pretreatment morphology and the resulting 

characteristics of electroless Ni-P coatings on AA5052 aluminum alloy, demonstrating that the structural evolution of the 

zincate layer directly governs coating adhesion, and corrosion performance. Three key findings emerge from systematic 

comparisons of single, double, and triple zincating processes: 

• Single zincating generated discontinuous granular Zn deposits (0.33 μm avg. diameter) with faceted clusters, a 

consequence of substrate heterogeneities due to acid cleaning. In contrast, double zincating produced a hierarchically 
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porous microstructure (0.28 μm avg. diameter) through selective Zn dissolution during acid stripping. This 

morphology provided both increased surface area and mechanical interlocking sites, whereas triple zincating, despite 

improved macroscopic uniformity, yielded the lowest Zn percentage. 

• The porous zincate layer from double zincating facilitated optimal Ni-P deposition, evidenced by dense, spheroidal 

nodular coatings (0.47 μm avg. nodule diameter) with maximal Ni content. This contrasts with the single zincating 

(crater formation due to uneven Zn coverage) and triple zincating (insufficient nucleation sites from excessive 

smoothening). The double-zincated substrate’s superior performance arises from its porous morphology, which 

provided greater surface area and mechanical interlocking sites. 

• EIS revealed that the double-zincated/Ni-P coating achieved the highest corrosion protection, exhibiting the largest 

capacitive arc in EIS Nyquist plots, attributed to optimal barrier protection and electrochemical stability 
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