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To improve the corrosion resistance of Q345 steel welded joint in acidic chloride solution, Ni-Co-Fe-P 

alloy coating was prepared on the surface of welded joint by electrodeposition technology as a 

protection coating. Scanning electron microscope, energy dispersive spectrometer, transmission 

electron microscope and X-ray diffractometer were used to characterize and analyze the surface 

morphology, composition and structure of the Ni-Co-Fe-P alloy coating, and the corrosion resistance 

of Q345 steel substrate, Q345 steel welded joint and Ni-Co-Fe-P alloy coating was compared and 

evaluated in 3.5% sodium chloride + 2% hydrochloric acidic solution. The results show that the Ni-Co-

Fe-P alloy coating to be relatively flat with a dense nanocrystalline structure that evenly covers the 

welded joint. In 3.5% sodium chloride + 2% hydrochloric acidic solution, the corrosion current density 

of Ni-Co-Fe-P alloy coating is only 1.16×10-6 A/cm2, which is much lower than that of Q345 steel 

substrate and Q345 steel welded joint. The polarization resistance, charge transfer resistance and low-

frequency impedance value of the Ni-Co-Fe-P alloy coating reaches 8.36×104 Ω·cm2, 4.27×103 Ω·cm2 

and 5.51×103 Ω·cm2, respectively, which are higher than those of Q345 steel substrate and Q345 steel 

welded joint. The Ni-Co-Fe-P alloy coating with nanocrystalline dense structure covers the Q345 steel 

substrate and welded joint completely, blocking the penetration and diffusion of corrosive ions as a 

means of effectively delaying the development of electrochemical corrosion process, resulting in 

excellent corrosion resistance.   
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1. INTRODUCTION 

 

The welded components made from Q345 steel are widely used in vehicles, bridges, ships and 

chemical industries [1-3]. Welded joints are areas of weakness in such components. Due to the uneven 

heating during the welding process and the formation of iron-based intermetallic compounds or the 
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precipitation of ferrite, the corrosion resistance of welded joints is weakened significantly [4-8]. 

Following exposure to seawater, acid or alkaline solution, it is incredibly likely that the corrosion 

phenomenon of welded joints will  occur and the degree of corrosion can be quite severe. Therefore, 

taking measures to improve the corrosion resistance of welded joints and help ensure the service life of 

welded components is of great practical significance. 

In recent years, several studies have proven that surface treatment is an effective measure to 

improve the corrosion resistance of steel welded joints. For example, Gu et al. [9] used laser beam 

heating and powder injection technology to treat steel welded joint, effectively improving the 

corrosion resistance of the welded joint. Borko et al. [10] used the manganese phosphating technology 

to treat steel welded joint, a continuous and uniform manganese phosphating film with fine grains was 

prepared on the surface of welded joint, which significantly improved the corrosion resistance of 

welded joint in sodium sulfate solution. Das et al. [11] found that magnetic coating can play the role of 

a protective coating for steel welded joint after noting that it has a significant inhibitory effect on the 

corrosion of welded joint in marine environment. Hammi et al. [12] found that alumina composite 

coating that is prepared by coating technology can play a good protective effect on the surface of 

welded joint while preventing the penetration of corrosive medium and the formation of corrosion 

products through the formation of a protective coating. This slows down the corrosion of welded joint 

in dilute hydrochloric acid solution. 

Electrodeposition is a surface treatment technology that has the advantages of simple operation 

and good controllability, enabling the realisation of the surface treatment of welded joints with 

complex structures, and also having broad application prospects [13-15]. The alloy coating has good 

corrosion resistance, particularly the corrosion resistance of the quaternary alloy mixed with nonmetal 

is very excellent. This paper focuses on electrodeposition of Ni-Co-Fe-P quaternary alloy coating on 

the surface of Q345 steel welded joint. The corrosion resistance of Q345 steel substrate, Q345 steel 

welded joint and the Ni-Co-Fe-P alloy coating in acidic chloride solution was tested and compared by 

electrochemical method with the aim of providing experimental data support to improve the corrosion 

resistance of steel welded joints. 

 

 

2. EXPERIMENTAL MATERIALS AND METHODS 

2.1 Materials 

Table 1. Solution composition and process conditions for oil removal and pickling processes 

 

Process 
Solution 

composition 
Process conditions 

Oil 

removal 

Na2CO3 15 g/L 

NaOH 8 g/L 

Na3PO4 22 g/L 

60℃, 5 min 

Pickling 

hydrochloric acid 

(volume fraction 

10%) 

Room temperature, 1 min 
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The experimental sample consisted of two 15 mm×30 mm×3 mm rectangular Q345 steel plates 

that were welded together. The welded joint samples were prepared by cutting them parallel to the 

weld direction. The samples were successively processed by polishing, oil removal, pickling, water 

washing and drying. Table 1 shows the solution composition and process conditions used for oil 

removal and pickling processes. 

 

2.2 Electrodeposition of Ni-Co-Fe-P alloy coating 

The plating solution was prepared using analytical pure nickel sulfate, nickel chloride, ferrous 

sulfate, cobalt sulfate, boric acid, phosphoric acid, citric acid, thiourea and sodium dodecyl sulfate. 

The main composition is shown in Table 2. Before the experiment, the anode was also cleaned, washed 

and dried successively. The anode and cathode were placed perpendicular to each other with a distance 

of 3 cm. The surface area of the anode was about two times larger than that of the cathode. During 

electrodeposition of Ni-Co-Fe-P alloy coating, the anode is connected to the positive pole of the power 

supply, and the cathode is connected to the negative pole of the power supply. The constant current 

mode was set and the plating solution was continuously stirred by magnetic stirrer. The 

electrodeposition process conditions are as follows: current density 2 A/dm2, plating solution 

temperature 65℃, stirring rate 400 r/min, electrodeposition time 1.5 h. After electrodeposition, the 

Q345 steel welded joint samples were cleaned, dried and tested. 

 

 

Table 2. Main composition of plating solution 

 

Chemical agents Concentration/ (g·L-1) 

nickel sulfate 125 

nickel chloride 30 

ferrous sulfate 20 

cobalt sulfate 15 

boric acid 35 

phosphoric acid 30 

citric acid 10 

thiourea 0.02 

sodium dodecyl sulfate 0.06 

 

2.3 Performance testing 

2.3.1 Surface morphology and composition of Q345 steel welded joint and Ni-Co-Fe-P alloy coating 

Quanta FEG450 scanning electron microscope was used to characterize the surface 

morphology of Q345 steel substrate, Q345 steel welded joint and the Ni-Co-Fe-P alloy coating. The 

acceleration voltage was 10 kV and the magnification was 5000 times. XFlash 5030 energy dispersive 

spectrometer was set the surface scanning mode to analyze the composition of Ni-Co-Fe-P alloy 

coating under the condition of 40 kV with surface scanning mode.  
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2.3.2 Structure of Ni-Co-Fe-P alloy coating 

The structure of Ni-Co-Fe-P alloy coating was characterized by D8 Advance X-ray 

diffractometer combined with Tecnai G2 20S-Twin transmission electron microscope. The voltage and 

current of X-ray diffractometer were set to 40 kV and 40 mA, scanning from 20° to 100° with the scan 

rate of 4 °/min. 

The XRD spectrum test data were imported into Jade software to analyze the crystal plane and 

crystal structure of Ni-Co-Fe-P alloy coating. The images captured by transmission electron 

microscopy were processed by Nano Measurer software, and then the grain size distribution of Ni-Co-

Fe-P alloy coating was calculated. 

 

2.3.3 Corrosion resistance of Q345 steel welded joint and Ni-Co-Fe-P alloy coating in acidic chloride  

solution 

The polarization curves and electrochemical impedance spectroscopy of Q345 steel substrate, 

Q345 steel welded joint and Ni-Co-Fe-P alloy coating in 3.5% sodium chloride + 2% hydrochloric 

acidic solution were tested by electrochemical method. Before electrochemical test, the surface of the 

samples were lightly polished and cleaned to eliminate the influence of surface condition on the test 

results. The epoxy resin was used to seal each sample. The exposed working face size of Q345 steel 

substrate, Q345 steel welded joint and Ni-Co-Fe-P alloy coating is 1 cm×1 cm. The reference electrode 

was saturated with calomel electrode and the auxiliary electrode was platinum electrode. The scanning 

rate of polarization curve was 1 mV/s, and the scanning range was ±250 mV relative to the open circuit 

potential. Electrochemical impedance spectroscopy was tested under the condition of 10 mV amplitude 

and the frequency range of 105~10-2 Hz. 

Polarization curves test data were imported into PowerSuite software for preprocessing and 

analysis, and electrochemical impedance spectroscopy test data were imported into ZSimpWin 

software for preprocessing and analysis. 

According to the polarization curves analysis results (including corrosion potential, corrosion 

current density and polarization resistance) and electrochemical impedance spectroscopy analysis 

results (including charge transfer resistance and low-frequency impedance value), the corrosion 

resistance of Q345 steel substrate, Q345 steel welded joint and Ni-Co-Fe-P alloy coating in acidic 

chloride solution was compared. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Surface morphology and composition of Q345 steel welded joint and Ni-Co-Fe-P alloy coating 

Figure 1 shows the appearance and surface morphology of Q345 steel substrate, Q345 steel 

welded joint and Ni-Co-Fe-P alloy coating. Comparing Figure 1(a), 1(b) and 1(c), it can be seen that 

the Ni-Co-Fe-P alloy coating is more uniform and smooth, and it has good coverage on both the Q345 
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steel substrate and welded joint. Figure 1(c) shows that there are no obvious defects including pinholes 

or cracks on the surface of Ni-Co-Fe-P alloy coating, and the grains are cell-like and tightly combined, 

exhibiting good compactness. The similar surface morphology of Co-Ni alloy coating, Ni-Fe alloy 

coating and Co-Ni-Fe alloy coating has been reported in some  previous literatures [16-20].  

 

 
a-Q345 steel substrate 

 
b-Q345 steel welded joint 

 
c-Ni-Co-Fe-P alloy coating  

 

Figure 1. Appearance and surface morphology of Q345 steel substrate, Q345 steel welded joint and 

Ni-Co-Fe-P alloy coating 

 

Figure 2 shows the EDS spectrum of Ni-Co-Fe-P alloy coating. It can be seen from Figure 2 

that the EDS spectrum shows characteristic peaks of Ni, Co, Fe, P, C and O elements. Among them, C 

and O elements were introduced due to the phenomenon of adsorption on the surface of the sample 

during storage. After deducting these two elements, it is known that the composition of Ni-Co-Fe-P 

alloy coating is mainly Ni, Co, Fe and P elements. The mass fraction of Ni element is the highest, 

reaching 82.7%, while the mass fraction of Co and Fe elements are relatively low, about 6% and 4%, 

respectively. Previous studies have found that the mass fraction of P element affects the crystal 

structure of nickel-based alloy coatings [21-23]. When the mass fraction of P element is below 8%, the 

nickel-based alloy coatings generally have a crystalline structure. 
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Figure 2. EDS spectrum of Ni-Co-Fe-P alloy coating 

 

3.2 Structure of Ni-Co-Fe-P alloy coating  

Figure 3 shows the XRD spectrum of Ni-Co-Fe-P alloy coating. It can be seen from Figure 3 

that the XRD spectrum shows four diffraction peaks, corresponding to the (111), (200), (311), (222) 

crystal planes, with diffraction angle of approximately 45°, 52°, 93°, and 98°, respectively. This 

demonstrates that the Ni-Co-Fe-P alloy coating has a crystalline structure. Among them, the (111) and 

(200) diffraction peaks have obvious peak shape broadening, thereby confirming the fine grains of the 

Ni-Co-Fe-P alloy coating. Electrodeposition of Ni-Co-Fe-P alloy coating is abnormal co-deposition 

and Co, Fe and P may enter into Ni lattice to form substitutional solid solution, leading to a dense 

structure in Ni-Co-Fe-P alloy coating [24-26]. Figure 4 shows the TEM bright field image, selected 

area diffraction pattern and grain size distribution of Ni-Co-Fe-P alloy coating. It can be seen from 

Figure 4(b) that the selected area diffraction pattern presents a nested continuous ring, further 

confirming the fineness and compactness of the grains of Ni-Co-Fe-P alloy coating. It can be seen 

from Figure 4(c) that approximately 77.5% of the grain size is in the numerical range of 40~70 nm, 

and only approximately 2.8% of the grain size is close to 80 nm.  

 

 
 

Figure 3. XRD spectrum of Ni-Co-Fe-P alloy coating 
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From the grain size distribution statistics, the average grain size can be calculated as 51.6 nm. 

In conclusion, Ni-Co-Fe-P alloy coating has fine grains with nanocrystalline dense structure. 

Nanocrystalline or crystalline structure of Ni-Co-Fe alloy coatings are prepared and reported in some 

previous literatures [27-28]. For example, Chen fabricated a nanocrystalline Co45Ni10Fe24 alloy coating 

using cyclic voltammetry technique from the solutions containing sulfate [29]. 

 

 

 
 

Figure 4. TEM bright field image, selected diffraction pattern and grain size distribution of Ni-Co-Fe-

P alloy coating: a-TEM bright field image; b-Selected diffraction pattern; c-grain size 

distribution 

 

3.3 Corrosion resistance of Q345 steel welded joint and Ni-Co-Fe-P alloy coating in acidic chloride  

solution 

3.3.1 Polarization curve analysis 

Figure 5 shows the polarization curves of Q345 steel substrate, Q345 steel welded joint and Ni-

Co-Fe-P alloy coating in 3.5% sodium chloride +2% hydrochloric acidic solution. As can be seen from 

Figure 5, Q345 steel substrate, Q345 steel welded joint and Ni-Co-Fe-P alloy coating all show the 

characteristics of active dissolution. Compared with Q345 steel substrate, the corrosion potential of 

Q345 steel welded joint shifts negatively, indicating that the welded joint has a strong tendency to 

corrosion. The reason is that residual stress and crevice are easy to be generated by uneven heating 

during welding, which leads to stress corrosion and crevice corrosion leading to the fast development 

of corrosion. Some researchers also investigated the corrosion resistance of steel welded joint [30-32].  

Table 3 lists the electrochemical parameters related to the polarization curve, and the 

polarization resistance is calculated according to the Stern-Geary formula. It can be seen from Table 3 

that the corrosion potential of Ni-Co-Fe-P alloy coating has a positive shift of 84 mV and 125 mV 

compared with that of Q345 steel substrate and Q345 steel welded joint, respectively. The corrosion 

current of Ni-Co-Fe-P alloy coating is only 1.16×10-6 A/cm2, which is more than an order of 

magnitude lower than that of Q345 steel substrate and Q345 steel welded joint. The positive shift of 

corrosion potential and the obvious decrease of corrosion current density indicate that the Ni-Co-Fe-P 

alloy coating on the surface of Q345 steel substrate and welded joint can effectively reduce the 
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corrosion tendency. The Ni-Co-Fe-P alloy coating completely covers Q345 steel substrate and welded 

joint which can shield and block corrosive ions to limit the penetration and diffusion of corrosive ions 

in contact with Q345 steel substrate and welded joint, thereby increasing corrosion resistance. 

It can also be seen from Table 3 that the polarization resistance of Ni-Co-Fe-P alloy coating 

reaches 8.36×104 Ω·cm2, which is about five times and seven times higher than that of Q345 steel 

substrate and Q345 steel welded joint, respectively. The higher polarization resistance indicates that 

the electrochemical reaction of Ni-Co-Fe-P alloy coating is greatly hindered, and the corrosion process 

develops slowly, which further confirms that Ni-Co-Fe-P alloy coating can provide good corrosion 

protection for Q345 steel welded joint.  

 

 
Figure 5. Polarization curves of Q345 steel substrate, Q345 steel welded joint and Ni-Co-Fe-P alloy 

coating in 3.5% sodium chloride +2% hydrochloric acidic solution 

 

 

Table 3. Electrochemical parameters related to polarization curve 

 

Different samples 

Corrosion 

potential 

/ V 

Corrosion current 

density 

/ (A·cm-2) 

Polarization 

resistance 

/ (Ω·cm2) 

Q345 steel substrate -0.562 3.60×10-5 1.31×104 

Q345 steel welded joint -0.603 5.86×10-5 1.04×104 

Ni-Co-Fe-P alloy coating -0.478 1.16×10-6 8.36×104 

 

3.3.2 Electrochemical impedance spectroscopy analysis 

Figure 6 shows the electrochemical impedance spectroscopy of Q345 steel substrate, Q345 

steel welded joint and Ni-Co-Fe-P alloy coating in 3.5% sodium chloride +2% hydrochloric acidic 

solution. It can be seen from Figure 6(a) that the Nyquist diagram of Q345 steel substrate, Q345 steel 

welded joint and Ni-Co-Fe-P alloy coating all have almost semicircle resistance arcs. The different 

radius of capacitive reactance arc reflects the resistance of charge transfer during electrochemical 

corrosion. As can be seen from Figure 6(b), the low-frequency impedance value of Q345 steel 

substrate, Q345 steel welded joint and Ni-Co-Fe-P alloy coating gradually decrease with the increase 
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of frequency and then maintain a basically constant trend. Generally, the impedance value at low 

frequency (10-2 Hz) reflects the ability of the materials to shield against corrosive media [33-35]. 

Combined with Figure 6 and Table 4, it can be seen that the Nyquist diagram of Ni-Co-Fe-P 

alloy coating presents the largest capacitive arc. The charge transfer resistance and low-frequency 

impedance value of Ni-Co-Fe-P alloy coating are significantly higher than those of the Q345 steel 

substrate and Q345 steel welded joint, respectively. This proves that the Ni-Co-Fe-P alloy coating has 

strong shielding and blocking ability against corrosive ions. Higher charge transfer resistance inhibits 

and slows down the electrochemical corrosion process. The relationship between higher charge 

transfer resistance and corrosion is studied in some literatures [36-38].  

 

     

(a) Nyquist diagram                  (b) Frequency-impedance value diagram 

 

Figure 6. Electrochemical impedance spectroscopy of Q345 steel substrate, Q345 steel welded joint 

and Ni-Co-Fe-P alloy coating in 3.5% sodium chloride +2% hydrochloric acidic solution 

 

Table 4. Electrochemical parameters related to electrochemical impedance spectroscopy 

 

Different samples 
Charge transfer 

resistance/ (Ω·cm2) 

Low-frequency impedance 

value/ (Ω·cm2) 

Q345 steel substrate 2.05×103 2.14×103 

Q345 steel welded joint 1.49×103 1.52×103 

Ni-Co-Fe-P alloy coating 4.27×103 5.51×103 

 

 

 

4. CONCLUSIONS 

(1) Ni-Co-Fe-P alloy coating prepared by electrodeposition technology on the surface of Q345 

steel welded joint is uniform and flat, with the composition of Ni, Co, Fe and P elements. The grains of 

Ni-Co-Fe-P alloy coating are similar to cell shape and tightly bonded with an average grain size of 

51.6 nm. In 3.5% sodium chloride +2% hydrochloric acidic solution, the corrosion current density of 

Ni-Co-Fe-P alloy coating is only 1.16×10-6 A/cm2, and the polarization resistance, charge transfer 

resistance and low-frequency impedance value are 8.36×104 Ω·cm2, 4.27×103 Ω·cm2 and 5.51×103 

Ω·cm2, respectively, which can effectively prevent the penetration diffusion of corrosive ions from 
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contacting with the Q345 steel substrate and Q345 steel welded joint to delay the development of 

electrochemical corrosion process. 

(2) Compared with Q345 steel substrate and Q345 steel welded joint, the corrosion current 

density of Ni-Co-Fe-P alloy coating is reduced by more than one order of magnitude. The polarization 

resistance, charge transfer resistance and low-frequency impedance value of Ni-Co-Fe-P alloy coating 

are the highest indicating excellent corrosion resistance. Moreover, Ni-Co-Fe-P alloy coating has 

nanocrystalline dense structure and good coverage to the welded joint, offering excellent corrosion 

protection and significantly improving the corrosion resistance of Q345 steel welded joint in acidic 

chloride solution. 
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