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A 16Mn steel plate is selected as the base substrate for welding, and a Ni-P/Ni-Mo-P duplex coating 

with Ni-P coating as the inner layer and Ni-Mo-P coating as the outer layer is prepared on the surface 

of weld joint by electroless plating. The appearance, surface morphology and composition of the 

substrate with and without Ni-P/Ni-Mo-P duplex coating were characterized, and the corrosion 

resistance of different coatings in seawater was compared and analyzed. The results show that the Ni-P 

single-layer coating, Ni-Mo-P single-layer coating and Ni-P/Ni-Mo-P duplex coating cover the weld 

joint completely showing a nodular morphology. The porosity of Ni-P/Ni-Mo-P duplex coating is only 

1.2 spot/cm2 for the best corrosion resistance, and its surface density is better than that of the Ni-P 

single-layer coating and Ni-Mo-P single-layer coating. Compared with the substrate, the corrosion 

current density of Ni-P/Ni-Mo-P duplex coating is reduced by nearly two orders of magnitude, and the 

protection efficiency reaches 98.5%, which can play a better role in corrosion protection and 

significantly improve corrosion resistance of 16Mn steel in natural seawater. 
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1. INTRODUCTION 

 

16Mn steel has good welding property, excellent low-temperature impact toughness and a 

desirable mechanical property profile and is mainly applied to welded structures [1-3]. Due to a series 

of non-equilibrium physical and chemical processes that occur in the welding process, the composition 

and structure of the weld joint are not uniform. Defects such as incomplete penetration, incomplete 

fusion and pores are easily generated. In a seawater environment, chloride salts, sulfates and 

carbonates can cause localized corrosion of the weld joint, such as pitting corrosion, stress corrosion 

and galvanic corrosion, making them vulnerable to corrosion failure [4-8]. Therefore, it is necessary to 
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improve the corrosion resistance of the weld joint through surface treatment, which is crucial to ensure 

the stability and reliability of 16Mn steel welded structure. 

Electroless plating is a commonly used surface treatment process for metal materials. It has the 

advantages of simple process flow, low cost, uniform and controllable coating thickness which is 

suitable for surface treatment of 16Mn steel weld joint [9-15]. However, the structure of the single-

layer coating is not uniform, and there are problems such as high porosity and unsatisfactory corrosion 

resistance that affect the durability. It can only provide physical shielding for the substrate and inhibit 

corrosion by blocking the penetration of corrosive media. It is found that duplex coating can greatly 

protect the substrate during the corrosion. Due to the irregular arrangement of the unit cells of the inner 

and outer layer of the duplex layer coating, dislocations increase and the surface density can be 

effectively improved [16-20]. In addition, there is a certain potential difference between each layer of 

the coating, which changes the corrosion mechanism of the duplex coating. It is found out the nickel 

based coating possesses excellent chemical and physical properties [21-25]. In this study, a 16Mn steel 

plate is selected as the base metal for welding, and a Ni-P/Ni-Mo-P duplex coating with Ni-P coating 

as the inner layer and Ni-Mo-P coating as the outer layer is constructed on the surface of the weld joint 

by electroless plating. The appearance, surface morphology and composition of the weld joint with and 

without Ni-P/Ni-Mo-P duplex coating were analyzed, and the corrosion resistance of the weld joint 

with and without Ni-P/Ni-Mo-P duplex coating in natural seawater was also studied. 

 

 

2. EXPERIMENTAL 

2.1 Materials and reagents 

A 16Mn steel plate with a size of 60 mm × 40 mm × 3 mm was selected as the base metal for 

welding. The weld joint structure is shown in Figure 1. The 16Mn steel was cut along the weld area as 

the substrate. After that, the sandpaper of grade 400#, 1200# and 2000# were used to grind the 

substrate of the sample step by step to make the surface bright. Subsequently, acetone and hot alkali 

solution (sodium hydroxide 15 g/L + sodium carbonate 40 g/L, 60 ℃) and dilute hydrochloric acid 

(mass concentration 10%, 30 ℃) were used to do the pretreatment for the substrate sequentially. 

Finally, the substrate was cleaned and dried to do the electroless plating. 

 

 
 

Figure 1. Weld joint structure of 16Mn steel 
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2.2 Electroless plating of Ni-P/Ni-Mo-P duplex coating 

A Ni-P/Ni-Mo-P duplex coating with Ni-P coating as the inner layer and Ni-Mo-P coating as 

the outer layer was prepared on the surface of 16Mn steel substrate by electroless plating. The specific 

experimental procedure was as follows: a 16Mn steel substrate was firstly immersed into Ni-P 

electroless plating solution to do Ni-P electroless plating for 30 min. After that, the sample is rapidly 

immersed into the Ni-Mo-P electroless plating solution to do Ni-Mo-P electroless plating for 60 min. 

In addition, Ni-P single-layer coating and Ni-Mo-P single-layer coating were prepared respectively by 

electroless plating for 90 min from the same Ni-P electroless plating solution and Ni-Mo-P electroless 

plating solution. The bath composition and parameters were shown in Table 1. 

 

Table 1. Bath composition and process parameters 

 

Bath composition and process 

parameters 

Ni-P Ni-Mo-P 

NiSO4·6H2O/ (g·L-1) 20 25 

Na2MoO4·2H2O / (g·L-1) － 2 

NaH2PO2·2H2O / (g·L-1) 22 11 

C6H5Na3O7·2H2O / (g·L-1) 10 32 

(NH4)2SO4 / (g·L-1) 36 36 

C12H25NaO4S / (mg·L-1) 40 40 

C3H6O3 / (g·L-1) － 9 

pH 8.8~9.0 8.8~9.0 

Temperature /℃ 84±0.5 92±0.5 

 

2.3 Testing 

2.3.1 Surface morphology and composition 

DSC-H300 optical camera and Nova NanoSEM450 scanning electron microscope were used to 

observe the appearance and surface morphology of substrate and different coatings before and after 

corrosion. The testing parameter of scanning electron microscope was set as 15 kV with 10 mm 

working distance. The composition of the substrate and different coatings were analyzed with the 

energy dispersive spectrometer attached to the scanning electron microscope with 10 kV accelerating 

voltage of surface sweep model. 

In addition, the porosity of different coatings was tested by the filter paper method. First, put 

the filter paper in a solution made up of 15 g/L potassium ferricyanide and 25 g/L sodium chloride for 

5 min. Subsequently, the filter paper was taken out and put it on the surface of different coatings. 

Finally, the number of spots per unit area on the filter paper was counted to calculate the porosity of 

different coatings. 
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2.3.2 Corrosion testing 

The corrosion resistance of 16Mn steel substrate and different coatings were tested by putting 

the sample into natural seawater (salinity 3.2%) for 192 h at temperature 25 ℃. After the experiment, 

it was dried and weighed with an AB-204S electronic balance of 0.0001 g precision. The mass loss and 

corrosion rate of the substrate and different coatings were calculated. Parstat2273 electrochemical 

workstation was used to test the polarization curves of different coatings in natural seawater. Saturated 

calomel electrode and platinum plate were used as reference electrode and auxiliary electrode, 

respectively. The scan rate was set to 1 mV/s. The test results were fitted with the PowerSuite software 

that comes with the electrochemical workstation, and the corrosion potential, corrosion current density 

and the protection efficiency of different coatings were obtained. 

 

 

 

3. RESULTS AND DISCUSSION  

3.1 Surface morphology and composition 

Figure 2 shows the appearance and surface morphology of the substrate and different coatings. 

The comparison shows that the Ni-P single-layer coating, Ni-Mo-P single-layer coating and Ni-P/Ni-

Mo-P duplex coating all cover the weld joint completely showing a nodular morphology.  

 

    

                      weld joint on 16Mn steel substrate                           Ni-P single-layer coating 

         

     

                                  Ni-Mo-P single-layer coating                            Ni-P/Ni-Mo-P duplex coating    

   

Figure 2. Appearance and surface morphology of the substrate and different coatings; Accelerating 

voltage is 15 kV with work distance 10 mm; 
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Figure 3. Porosity of differnt coatings 

 

The nodular morphology of alloy coatings has been described by several researchers [26-28]. 

Some people also prepared Ni-P coatings of amorphous structure which may be due to different 

amounts of phosphorus in the coating [29-31]. However, the surfaces of Ni-P single-layer coating and 

Ni-Mo-P single-layer coating are porous. The porosity is 4.2 spot/cm2 and 2.8 spot/cm2, as shown in 

Figure 3. However, the Ni-P/Ni-Mo-P duplex coating has almost no pores, and its porosity is only 1.2 

spot/cm2. This is due to the irregular arrangement of the unit cells of the inner Ni-P coating and the 

outer Ni-Mo-P coating, which increases dislocations and reduces the porosity. Therefore, its surface 

density is better than that of the Ni-P single-layer coating and Ni-Mo-P single-layer coating. 

According to the data in Figure 4, the composition of the 16Mn steel substrate is Fe, C and Cr 

elements, with Fe as the main element. The composition of Ni-P single-layer coating is Ni and P 

elements, with Ni as the main element. The composition of Ni-Mo-P single-layer coating is Ni, Mo and 

P elements. The composition of Ni-P/Ni-Mo-P duplex coating is also Ni, P and Mo elements, and the 

content of Ni element is the highest.   

 

 

                           16Mn steel substrate                                                   Ni-P single-layer coating 
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                                 Ni-Mo-P single-layer coating                                 Ni-P/Ni-Mo-P duplex coating 

 

Figure 4. Energy spectra of the substrate and different coatings; Accelerating voltage is 10 kV with 

surface sweep model; 

 

 

3.2 Corrosion rate and morphology of 16Mn steel substrate and different coatings 

Figure 5 shows the variation trend of the corrosion rate of the substrate and different coatings 

immersion in natural seawater for different times. It can be seen from Figure 5 that after immersion in 

natural seawater for 24 h, the corrosion rate of the substrate, Ni-P single-layer coating, Ni-Mo-P single-

layer coating and Ni-P/Ni-Mo-P duplex coating all start to increase. After immersion in natural 

seawater for 72 h, the corrosion rate of the substrate, Ni-P single-layer coating, Ni-Mo-P single-layer 

coating and Ni-P/Ni-Mo-P duplex coating shows differences. Meanwhile, the corrosion rate of the Ni-

P/Ni-Mo-P duplex coating is the lowest. After immersion in natural seawater for 120 h, the corrosion 

rate of the substrate continues to increase, but the slope of the corrosion rate for Ni-P single-layer 

coating, Ni-Mo-P single-layer coating and Ni-P/Ni-Mo-P duplex coating decreases gradually which 

indicates that the single-layer coating or duplex coating is beneficial to increase the corrosion 

resistance of substrate.  

 
 

Figure 5. Variation trend of corrosion rate of the substrate and different coatings immersion in natural 

seawater for different times at 25 ℃ 
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According to the analysis, the mass loss of Ni-P single-layer coating, Ni-Mo-P single-layer 

coating and Ni-P/Ni-Mo-P duplex coating have no obvious change in the initial stage of corrosion, 

which means that they can better prevent the erosion of corrosive media in natural seawater. With the 

prolonging of immersion time in natural seawater, the coating was gradually destroyed due to the 

synergistic effect of oxygen atoms and chloride ions, which shows an increase in the corrosion rate. 

However, with the increase of products generated during the corrosion process accumulated and filled 

on the corrosion pit and the surface of the coating can prevent the continued adsorption and further 

diffusion of oxygen atoms and chloride ions, so the corrosion rate increases slowly and then tends to be 

stable [32-33]. During the corrosion cycle, the corrosion rate of the Ni-P/Ni-Mo-P duplex coating is 

lower than that of the Ni-P single-layer coating and Ni-Mo-P single-layer coating, indicating that its 

corrosion resistance is better. Compared with single-layer coating, duplex coating generally has better 

corrosion resistance, which has been reported in many literatures [34-37]. 

Figure 6 shows the corrosion morphology of the substrate and different coatings after 

immersion in natural seawater for 192 h. It can be seen from Figure 6(a) that the corrosion degree of 

the substrate is very serious. Most of the surface is broken and longer and deep cracks are formed. It 

can be seen from Figure 6(b), Figure 6(c) and Figure 6(d) that the corrosion degree of Ni-P single-layer 

coating, Ni-Mo-P single-layer coating and Ni-P/Ni-Mo-P duplex coating are all significantly lighter 

than that of the substrate.  

 

 

    

                        weld joint on 16Mn steel substrate                        Ni-P single-layer coating 

 

     

                                   Ni-Mo-P single-layer coating                          Ni-P/Ni-Mo-P duplex coating     
     

Figure 6. Corrosion morphology of the substrate and different coatings after immersion in natural    

                seawater for 192 h at 25 ℃ 

 

There is no cracking phenomenon caused by corrosion, but the porosity of their surfaces 
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increase considerably and their diameters become larger than those before testing. Among them, the 

Ni-P/Ni-Mo-P duplex coating has the lightest corrosion degree, and the pores formed on the surface 

have a small diameter, which confirms that its barrier effect on the diffusion and penetration of the 

corrosive medium is stronger. 

 

3.3. Polarization curves of substrate and different coatings 

Figure 7 shows the polarization curves of the substrate and different coatings in natural 

seawater. It can be seen from Figure 8 that the order of corrosion potential from negative to positive is 

as follows: substrate, Ni-P single-layer coating, Ni-Mo-P single-layer coating, Ni-P/Ni-Mo-P duplex 

coating. The order of corrosion current density from low to high is as follows: Ni-P/Ni-Mo-P duplex 

coating, Ni-Mo-P single-layer coating, Ni-P single-layer coating, substrate. The corrosion resistance of 

Ni-P single-layer coating and Ni-Mo-P single-layer coating are also investigated by some researchers 

[39-40]. Ni-P/Ni-Mo-P duplex coating has the most positive corrosion potential and the minimum 

corrosion current density. Compared with the substrate, the corrosion potential of Ni-P/Ni-Mo-P 

duplex coating shifts about 155 mV to more positive position. Moreover, the corrosion current density 

of Ni-P/Ni-Mo-P duplex coating is the lowest indicating best corrosion resistance which can better 

reduce the corrosion tendency and inhibit the development of corrosion. The reason is that there is a 

certain potential difference between Ni-Mo-P coating and Ni-P coating. The corrosion mechanism of 

Ni-P/Ni-Mo-P duplex coating is different from that of Ni-P single-layer coating and Ni-Mo-P single-

layer coating. In addition, the Ni-P /Ni-Mo-P duplex coating has low porosity and good surface 

density, which effectively prevents the corrosive medium from penetrating into the coating through 

holes as channels, thus inhibiting the development of corrosion and showing better corrosion 

resistance. The corrosion mechanism of Ni-P single-layer coating and duplex coating is investigated by 

Wang [41].  

 

 
 

Figure 7. Polarization curves of the substrate and different coatings in natural seawater 
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Figure 8. Corrosion potential and corrosion current density of the substrate and different coatings 

 

Figure 9 shows the protection efficiency of different coatings on the substrate. It shows that Ni-

P/Ni-Mo-P duplex coating has the highest protection efficiency, reaching 98.5%, which is significantly 

higher than that of Ni-P single-layer coating and Ni-Mo-P single-layer coating. The study shows that 

the higher the protection efficiency, the better the corrosion resistance of the coating. Compared with 

Ni-P single-layer coating and Ni-Mo-P single-layer coating, Ni-P/Ni-Mo-P duplex coating has lower 

porosity and better surface density, which prolongs the penetration path of the corrosive medium and 

effectively prevents its contact with the substrate, thus slowing down the corrosion. Therefore, Ni-

P/Ni-Mo-P layer coating can better protect the substrate and significantly improve the corrosion 

resistance in natural seawater. 

 

 

 
 

Figure 9. Protection efficiency of different coatings  

 

 

 

4. CONCLUSIONS 

(1) A Ni-P/Ni-Mo-P duplex coating with Ni-P coating as the inner layer and Ni-Mo-P coating 

as the outer layer was constructed on the surface of 16Mn steel by electroless plating. The porosity of 

the duplex coating was only 1.2 spot/cm2 corresponding to the lowest corrosion rate and the lightest 

corrosion degree. The corrosion current density of the duplex coating is nearly two orders of 

magnitude lower than that of the substrate, with a 98.5% protection efficiency, thus playing a 
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significant role in corrosion protection and significantly improve the corrosion resistance in natural 

seawater. 

(2) The composition of Ni-P/Ni-Mo-P duplex coating is Ni, P and Mo elements, as in the case 

of the Ni-Mo-P single-layer coating. Compared with Ni-P single-layer coating and Ni-Mo-P single-

layer coating, the duplex coating has better surface densification, lower corrosion rate and corrosion 

current density with higher protection efficiency. There is a certain potential difference between the Ni-

Mo-P coating and Ni-P coating, so that the corrosion mechanism of Ni-P/Ni-Mo-P duplex coating is 

different from that of Ni-P single-layer coating and Ni-Mo-P single-layer coating.    
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