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Ni-P/Ni-W-P/Ni-P three-layer coating is prepared on 45# steel substrate by chemical deposition 

method. Meanwhile, the Ni-P coating with medium phosphorus content is as the bottom layer, Ni-W-P 

coating is as the intermediate layer and the Ni-P coating with high phosphorus content is as the outer 

layer. The surface morphology, composition, microstructure and corrosion resistance of three-layer 

coating are characterized by scanning electron microscope, energy dispersive spectrometer, X-ray 

diffraction and electrochemical workstation respectively. The results show that three-layer coating has 

an amorphous structure with a small amount of microcrystalline structure, its porosity is only 1.54% 

and the surface compactness is better than that of Ni-P single-layer coating. The main composition of 

three-layer coating is Ni, P and W elements, which belongs to the coating with high phosphorus 

content. The corrosion current density of three-layer coating without immersion is 7.24×10-7 A/cm2, 

which is nearly two orders of magnitude lower than that of 45# steel substrate. The corrosion rate of 

three-layer coating without immersion is only 0.044 g/(cm2·a), which is lower than that of 45# steel 

substrate. After immersion in 3.5% sodium chloride solution for 14 days, the corrosion degree of three-

layer coating is very light, and the corrosion current density increases very slowly, indicating that the 

corrosion resistance of three-layer coating is better than that of single-layer coating, which can provide 

better protection for 45# steel substrate. 
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1. INTRODUCTION 

Nickel-based alloy coatings (including Ni-P coating, Ni-Co-P coating, Ni-W coating, etc.) have 

bright appearance and dense microstructure with good corrosion resistance, excellent wear resistance 

and great oxidation resistance which is suitable for used as decorative and functional coatings [1-4]. 

Electrodeposition method or chemical deposition method can be used to prepare nickel-based alloy 

coatings reported by many scholars [5-8]. Chemical deposition method does not require external power 

supply and anode, which can avoid the problem of inhomogeneous thickness of the coating caused by 

uneven current distribution. In addition, compared with electrodeposition method, chemical deposition 

method has the advantages of lower cost, convenient operation and better controllability, which is 

more suitable for preparing nickel-based alloy coatings [9-12]. 

However, the unit cell of the nickel-based single-layer coating is not tightly combined resulting 

in some holes on the surface with poor corrosion resistance which makes it difficult to meet the 

requirements of many applications. Some studies have shown that the multi-layer coating prepared by 

deposition method on the basis of single-layer coating showed excellent corrosion resistance and could 

make up for the performance defects of the single-layer coating [13-18]. At present, there are few 

reports on the preparation of nickel-based three-layer coating by chemical deposition method. It is 

necessary to continue to research in this area to provide more reference. In this paper, Ni-P/Ni-W-

P/Ni-P three-layer coating was prepared on the surface of 45# steel by chemical deposition method, 

and its composition, microstructure and corrosion resistance were characterized and analyzed to 

compare with the Ni-P single-layer coating. 

 

2. EXPERIMENTAL 

2.1 Materials and chemical reagents 

The substrate is 45# steel, which is cut into 40 mm × 20 mm × 1 mm size. The samples 

pretreatment process is as follows: (1) polished with 800#, 1200# and 2000# sandpaper in turn; (2) 

cleaned by ultrasound in acetone for 5 min; (3) deionized water cleaning; (4) immersion in alkali 

solution (sodium hydroxide 40 g/L + sodium carbonate 8 g/L) at 65℃ for 8 min; (5) immerse in 10% 

hydrochloric acid for 1 min until uniform bubbles are attached to the surface of the samples; (6) 

washed with deionized water; (7) dried with cold air. 

The chemical reagents used in the experiment include: nickel sulfate, sodium hypophosphite, 

sodium tungstate, sodium citrate, emulsifier, lactic acid, sodium hydroxide, sodium carbonate, 

ammonium sulfate, sodium chloride, surfactant, etc. 

 

2.2 Preparation of Ni-P/Ni-W-P/Ni-P three-layer coating  

Figure 1 shows the schematic diagram of preparing Ni-P/Ni-W-P/Ni-P three-layer coating on 

the surface of the 45# steel substrate by chemical deposition method. The brief description is as 

follows: 

Step 1: prepare three kinds of plating solution, the main components are shown in Table 1. 
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Step 2: immerse the 45# steel sample in plating solution I, and deposit for 30 min at a constant 

temperature of 84℃ to prepare a Ni-P coating with medium phosphorus content as the bottom layer. 

After cleaning, the 45# steel sample is immersed in plating solution II, and is deposited for 60 min at a 

constant temperature of 92℃ to prepare a Ni-W-P coating as the intermediate layer. Finally, the 45# 

steel sample is immersed in plating solution III, and deposit for 30 min at a constant temperature of 

84℃ to prepare a Ni-P coating with high phosphorus content as the outer layer. 

Step 3: After cleaning the 45# steel sample, put it in an oven, set it to heat treatment at 200℃ 

for 1 h, and release the internal stress of the coating. 

In addition, the 45# steel sample is immersed in the plating solution I, and is deposited for 120 

min at a constant temperature of 84℃ to prepare a Ni-P single-layer coating as a comparison. 

 

 

 

Figure 1. Schematic diagram of preparing Ni-P/Ni-W-P/Ni-P three-layer coating on the surface of 45# 

steel substrate by chemical deposition method 

 

Table 1. Main components of different plating solutions 

 

Chemical reagents Plating solution I Plating solution 

II 

Plating solution 

III 

Ni2SO4/ (g·L-1) 24 20 26 

NaH2PO2/ (g·L-1) 28 40 32 

C6H5Na3O7/ (g·L-1) 10 30 20 

Na2WO4/ (g·L-1) － 7.5 － 

Na2CO3/ (g·L-1) － 50 － 

emulgator/ (mg·L-1) － － 50 

lactic acid/ (g·L-1) 22 － 6 

ammonium sulfate/ (g·L-

1) 
－ 6 － 

surfactant/ (mg·L-1) 40 40 40 

 

2.3 Characterization and testing 

2.3.1 Surface morphology, composition and microstructure  

The surface morphology and composition of single-layer coating and three-layer coating are 

characterized and analyzed by MERLIN Compact scanning electron microscope and X-max50 energy 
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dispersive spectrometer. The acceleration voltage of scanning electron microscope is 10 kV and the 

magnification is 6000 times. The energy spectrometer is set to surface scan mode, and the detection 

depth is 1 μm. The image captured by scanning electron microscope is imported into Image J software, 

and the image characteristics are extracted. The holes on the surface of single-layer coating and three-

layer coating are filled with red, and the ratio of the red area to total area of the image is defined as the 

porosity. The corrosion pits formed on the surface of single-layer coating and three-layer coating after 

corrosion are also filled with red, and the ratio of the red area to total image area is defined as the 

corrosion area ratio. In addition, the X'Pert PRO X-ray diffraction is used to characterize the 

microstructure of single-layer coating and three-layer coating. The scanning rate is 4°/min, from 20° to 

90°. 

 

2.3.2 Corrosion resistance testing 

The 45# steel substrate, single-layer coating and three-layer coating samples are prepared as 

working electrodes suitable for electrochemical testing. Copper wire is welded on the back and the 

other areas are sealed with epoxy resin. Saturated calomel electrode is used as reference electrode and 

platinum plate is as auxiliary electrode. The polarization curves of samples immersed in 3.5% sodium 

chloride solution for different time are scanned at a constant rate of 1 mV/s. In addition, the protection 

efficiency of single-layer coating and three-layer coating on 45# steel is calculated according to the 

corrosion current density. 

The 45# steel substrate, single-layer and three-layer coating samples are immersed in 3.5% 

sodium chloride solution to test the corrosion rate and observe the corrosion morphology to further 

evaluate their corrosion resistance. The experimental temperature is (25±1) ℃, and the immersion time 

is 0~14 days. The corrosion products on the surface of the samples are removed and cleaned. And then, 

an electronic balance is used to weigh and record the quality of the samples before and after corrosion. 

The corrosion rate is calculated according to the following formula. 






tS

Kmm
V

afterbefore

corr

)(
    (1) 

Where, Vcorr is the corrosion rate, and unit is g/(cm2·a). mbefore and mafter are the mass of the 

sample before and after corrosion respectively, and the unit is g. K is a constant, which is usually as 

87600; S is the surface area of the sample, the unit is cm2; t is the immersion time, the unit is h; ρ is the 

sample density, the unit is g/cm3. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Surface morphology 

Figure 2 shows the surface morphology and porosity of 45# steel substrate, single layer coating 

and three-layer coating. By observing Figure 2(b) and Figure 2(c), it is found that the single-layer 

coating and three-layer coating completely cover the 45# steel substrate, and their surface are smooth 
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and uniform with granular morphology. The Ni-P coating with granular particles is also reported in 

some published papers [19-20]. However, there are more holes on the surface of single-layer coating, 

and fewer holes on the surface of three-layer coating. The surface compactness of three-layer coating is 

better than that of single-layer coating. This is because the bottom, intermediate and outer layer is 

different types of coatings, which are successively superimposed and deposited. As the cells are not 

neatly arranged on the surface of coating, the dislocation of three-layer coating is increased, thus 

improving the density of the coatings. 

The porosity of three-layer coating is only 1.54%, which is significantly lower than that of 

single-layer coating 3.05%, indicating that the surface compactness of three-layer coating is better. 

 

 
(a) 45# steel substrate  

 

        
 (b) single-layer coating 

 

        
          (c) three-layer coating 

 

Figure 2. Surface morphology and porosity of 45# steel substrate, single-layer coating and three-layer            

coating. The acceleration voltage of scanning electron microscope is 10 kV and the 

magnification is 6000 times. 

 

3.2 Microstructure and composition 

Figure 3 shows the XRD patterns of 45# steel substrate, single-layer coating and three-layer 

coating. It can be seen from Figure 3(a) that the XRD pattern of 45# steel substrate shows multiple 

diffraction peaks, indicating that it has a crystalline structure. It can be seen from Figure 3(b) and 

Figure 3(c) that the XRD patterns of single-layer coating and three-layer coating are obviously 
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different from those of 45# steel substrate, which both show a broaden diffraction peak with high 

intensity corresponding to (111) crystal plane and several sharp diffraction peaks with low intensity 

corresponding to (220) crystal plane. This shows that the single-layer coating and three-layer coating 

have amorphous structures with a small amount of microcrystalline structures. The amorphous 

structure of Ni-P alloy coating has been reported in detail in some papers so far [21-23]. 

 

 
 

Figure 3. XRD patterns of 45# steel substrate, single-layer coating and three-layer coating. The 

scanning rate is 4°/min, from 20° to 90°. 

 

Figure 4 shows EDS spectra of single-layer coating and three-layer coating. According to the 

analysis in Figure 4(a), the main composition of single-layer coating is Ni and P elements, of which the 

mass fraction of P element is 8.17%. According to the analysis in Figure 4(b), the main composition of 

three-layer coating is Ni, P and W elements, in which the mass fraction of P element is 12.48% and W 

element is 6.37%. According to the mass fraction of P element, the coating can be divided into low 

phosphorus coating (1%~4%), medium phosphorus coating (4%~10%) and high phosphorus coating 

(more than 10%). Therefore, it can be inferred that the single-layer coating is medium phosphorus 

coating, and the three-layer coating is high phosphorus coating. It is found that the content of 

phosphorus has a certain effect on the morphology, structure and corrosion resistance of alloy 

materials [24-27]. 

 

    
(a) single-layer coating                       (b) three-layer coating 

 

Figure 4. EDS spectra of single-layer and coating three-layer coating; The energy spectrometer is set 

to surface scan mode, and the detection depth is 1 μm. 
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3.3 Corrosion resistance 

Figure 5 shows the polarization curves of 45# steel substrate, single-layer coating and three-

layer coating immersed in 3.5% sodium chloride solution for different time. Table 2 shows the fitting 

results of polarization curves. As can be seen from Figure 5, the corrosion potential of single-layer 

coating without immersion is about 70 mV higher than that of 45# steel substrate, and the corrosion 

current density is 3.16×10-6 A/cm2, which is about one order of magnitude lower than that of 45# steel 

substrate. Compare with 45# steel substrate, the corrosion potential of the three-layer coating moves 

about 113 mV, and the corrosion current density decreases by more than one order of magnitude 

(nearly two orders of magnitude). After immersion in 3.5% sodium chloride solution for 7 days, the 

corrosion potential of 45# steel substrate, single-layer coating and three-layer coating all shift 

negatively and the corrosion current density increase. The corrosion current density of 45# steel 

substrate increases to 1.87×10-4 A/cm2 as the immersion time prolongs to 14 days. The corrosion 

current density of single-layer coating increases to 1.12×10-5 A/cm2, which also shows a trend of 

gradual increase, while the corrosion current density of three-layer coating increases very slowly. 

Because the single-layer and three-layer coating completely cover the 45# steel substrate, and 

their surface are smooth and uniform, which can effectively prevent corrosive ions from contacting 

with 45# steel substrate, so as to improve the corrosion resistance. However, after immersion in 3.5% 

sodium chloride solution for a long time, the corrosion degree of chloride ions on the coating is 

gradually aggravated, which will destroy the surface structure of the coating and generate a layer of 

corrosion products covering the surface of single-layer and three-layer coating. Due to the potential 

difference between the bottom layer, intermediate layer and outer layer, the corrosion mechanism is 

different from that of single-layer coating, and the corrosion difficulty is increased. In addition, a 

relatively stable and dense corrosion products film is formed on the surface of three-layer coating, 

which effectively prevents further penetration of chloride ions, so that the corrosion current density of 

three-layer coating is maintained at a low level. Some researchers also investigate the effect of 

immersion time on the corrosion of metals [28-30]. It is found that at the initial stage of immersion, the 

corrosion current density of metal increases obviously. The increasing rate of corrosion current density 

of metal with good corrosion resistance decreases gradually with the extension of immersion time. It is 

because the early corrosion is mainly pitting corrosion. With the increase of immersion time, dense or 

loose corrosion products covering the metal surface delay the corrosion to a certain extent. 
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      (a) without immersion                                                          (b) immersed for 7 days 

 

 
(c) immersed for 14 days 

 

Figure 5. Polarization curves of 45# steel substrate, single-layer coating and three-layer coating 

immersed in 3.5% sodium chloride solution for different time; The different sample (1 cm×1 

cm) is as the working electrode, saturated calomel electrode is as reference electrode and 

platinum plate is as auxiliary electrode. The scanning rate is 1 mV/s. 

 

Table 2. Fitting results of polarization curves 

Different 

samples 

Corrosion potential/ mV Corrosion current density/ (A·cm-2) 

Without 

immersion 

Immersed 

for 7 days 

Immersed 

for 14 days 

Without 

immersion 

Immersed 

for 7 days 

Immersed 

for 14 days 

45# steel 

substrate 

-523 -567 -592 4.05×10-5 9.42×10-5 1.87×10-4 

single-layer 

coating 

-453 -482 -508 3.16×10-6 5.40×10-6 1.12×10-5 

three-layer 

coating 

-410 -425 -436 7.24×10-7 9.78×10-7 1.04×10-6 

 

According to the corrosion current density, the protection efficiency of single-layer coating and 

three-layer coating on 45# steel substrate immersed in 3.5% sodium chloride solution for different time 
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is calculated, as shown in Table 3. It can be seen from Table 3, with the extension of immersion time, 

the protection efficiency of single-layer coating on 45# steel substrate tends to increase firstly and then 

decrease, while that of three-layer coating on 45# steel substrate tends to increase gradually. 

Generally speaking, higher protection efficiency indicates that the coating can effectively 

prevent corrosive ions from contacting the substrate, thus providing better protection [31-32]. 

Combined with the analysis of corrosion current density and the protection efficiency of 45# steel 

substrate, the corrosion resistance of three-layer coating is better than that of single-layer coating. The 

reason is that three-layer coating has low porosity and good surface compactness, which enhance 

resistance to corrosive ions showing higher electrochemical corrosion resistance. According to the 

corrosion current density, the protection efficiency of single-layer coating and three-layer coating on 

45# steel substrate is 92.3% and 98.2%, respectively. Based on the analysis of corrosion potential, 

corrosion current density, polarization resistance and protection efficiency, the corrosion resistance of 

three-layer coating is better than that of single-layer coating.  

 

 

Table 3. Protection efficiency of single-layer coating and three-layer coating on 45# steel substrate 

immersed in 3.5% sodium chloride solution for different time 

 

 

Different samples 

Protection efficiency / % 

Without 

immersion 

Immersed for 

7 days 

Immersed for 

14 days 

single-layer coating 92.2 94.3 94.0 

three-layer coating 98.2 98.9 99.4 

 

 

Figure 6 shows the corrosion rate of 45# steel substrate, single-layer coating and three-layer 

coating immersed in 3.5% sodium chloride solution for different time. The corrosion rate of 45# steel 

substrate is the highest, reaching 0.118 g/(cm2·a). The corrosion rate of single-layer coating is 0.067 

g/(cm2·a), which is 43.2% lower than that of 45# steel substrate. The lowest corrosion rate of three-

layer coating is only 0.044 g/(cm2·a), which is 62.7% and 34.3% lower than that of 45# steel substrate 

and single-layer coating, respectively. Generally speaking, the lower the corrosion rate, the slower the 

corrosion of the materials in corrosive medium, and its corrosion resistance is excellent. The variation 

of corrosion rate further indicates that three-layer coating has higher electrochemical corrosion 

resistance. Due to its low porosity and good surface compactness, it can effectively prevent the contact 

between chloride ions and 45# steel substrate, thus reducing the corrosion degree and showing better 

corrosion resistance. 
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Figure 6. Corrosion rate of 45# steel substrate, single-layer coating and three-layer coating immersed 

in 3.5% sodium chloride solution for different time: A-45# steel substrate; B-single-layer 

coating; C-three-layer coating 

 

Figure 7 shows the corrosion morphology and corrosion area ratio of 45# steel substrate, 

single-layer coating and three-layer coating immersed in 3.5% sodium chloride solution for 14 days. It 

can be seen from Figure 7(a) that 45# steel substrate corrodes very seriously with a loose porous layer 

and a deep crevice formed on its surface. It can be seen from Figure 7(b) that after immersing in 3.5% 

sodium chloride solution for 14 days, some penetrating holes are formed on the surface of single-layer 

coating. The local holes are larger, and the unit cell is also damaged. It can be seen from Figure 7(c) 

that after immersing in 3.5% sodium chloride solution for 14 days, a small number of holes are formed 

on the surface of three-layer coating, and the unit cell is basically not damaged. 

The corrosion area ratio of 45# steel substrate, single-layer coating and three-layer coating is 

16.23%, 6.67% and 2.86%, respectively. Generally speaking, the higher the area ratio, the more holes 

and gaps formed on the surface after corrosion. The corrosion area ratio of three-layer coating is the 

lowest, and its corrosion degree is significantly reduced compared with that of single-layer coating, 

which further indicates that the corrosion resistance of three-layer coating is better than that of single-

layer coating. 
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                (c) three-layer coating 

 

Figure 7. Corrosion morphology and corrosion area ratio of 45# steel substrate, single-layer coating 

and three-layer coating immersed in 3.5% sodium chloride solution for 14 days 

 

 

4. CONCLUSIONS 

Ni-P/Ni-W-P/Ni-P three-layer coating with amorphous structure and excellent corrosion 

resistance was prepared on the surface of 45# steel substrate by chemical deposition method. The main 

composition of three-layer coating is Ni, P and W elements. The prepared three-layer coating belonged 

to the coating with high phosphorus content, while Ni-P single-layer coating belonged to the coating 

with medium phosphorus content. Compared with single-layer coating, three-layer coating has better 

surface compactness, lower corrosion current density, smaller corrosion rate and higher 

electrochemical corrosion resistance, which can provide better protection for 45# steel substrate. 
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