
















Materials 2019, 12, 2614

of the plating layer. The formation of larger protrusions affects the quality of the coating, and the
advantage of nano-CeO2 particles is not obvious.
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Figure 3. Surface morphology of the coatings before corrosion and EDS spectrum of coatings:
(a) Ni-Fe-Co-P; (b) Ni-Fe-Co-P-0.5g/L CeO2; (c) Ni-Fe-Co-P-1g/L CeO2; and (d) Ni-Fe-Co-P-1.5g/L CeO2.
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After cutting and inlaying the test piece, the cross-section of the test piece is observed by SEM,
and the cross-sectional shape of the obtained coating is shown in Figure 4 (image type is SEI). It is
obvious that the Ni-Fe-Co-P-CeO2 composite coating is uniform and dense, and there are no larger
defects such as cracks and holes, effectively shielding the corrosion passage of the corrosive medium
into the substrate and retarding the corrosion.

  

  
Figure 4. Cross-section morphology of the coatings: (a) Ni-Fe-Co-P; (b) Ni-Fe-Co-P-0.5 g/L CeO2;
(c) Ni-Fe-Co-P-1 g/L CeO2; and (d) Ni-Fe-Co-P-1.5 g/L CeO2.

Using EDS technology, the EDS spectrum obtained by analyzing the composition of the surface
of the coating is shown in Figure 3. Ni, Fe, Co, and P elements are present in all the energy spectra,
and an appropriate number of nano-CeO2 particles are added to the plating solution. The energy
spectrum of the surface of the coating shows a slight peak of Ce element (Figure 3b–d), which indicates
that the prepared coating is a quaternary Ni-Fe-Co-P alloy coating and Ni-Fe-Co-P-CeO2 composite
coating. Figure 5 shows the mass fraction of P element in the coatings of different nano-CeO2 particles
obtained by EDS analysis. It can be seen that the mass fraction of P element increases first and then
decreases with the increase of the concentration of nano-CeO2 particles, and when the concentration of
nano-CeO2 is 1 g/L, the maximum value is 3.40%. Since P element will be enriched and hydrolyzed
on the surface of the electrolyte to form hypophosphite, a phosphorus-rich film is formed between
the coating and the interface of the corrosive medium to make the nickel-based coating exhibit high
corrosion resistance. Adding an appropriate number of nano-CeO2 particles to the plating solution
increases the P content in the coatings. The increase of the P element content shortens the film
formation time of the phosphating film on the surface of the coatings, and also increases the thickness
of the phosphating film, which contributes to the improvement of the corrosion resistance of the
coatings [19,20].

Figure 6 shows an elemental view of the surface of the Ni-Fe-Co-P-1 g/L CeO2 composite coating,
wherein the Ce element diagram (Figure 6f) represents nano-CeO2 particles, and it can be seen that
the alloying elements and the nano-CeO2 particles are uniformly distributed on the surface of the
plating layer. Studies have shown that the uniform distribution of elements and particles is due to the
improved corrosion resistance of the coating.
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Figure 5. P mass fraction of coatings with different concentration of nano-CeO2 particles.

  

  

  

Figure 6. Elemental surface mapping of Ni-Fe-Co-P-1 g/L CeO2 composite coating:(a) the SEM image
of the analyzed surface (b) Ni content; (c) Fe content; (d) Co content; (e) P content; and (f) Ce content.
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3.2. Plating Phase Structure

Figure 7 is an XRD pattern of the coating obtained by X-ray diffraction test. It can be seen that the
coating is a typical amorphous structure, and there is a significant diffuse scattering broadening peak
(Ni (110)) between 42◦ and 48◦ in 2θ. The peak width of the diffraction peak of the nanocrystalline alloy
coating did not produce obvious changes, and peak intensity changes were not obvious, indicating
that the nano-CeO2 particles did not obviously change in the phase structure of Ni-Fe-Co-P coating.
For the nickel-phosphorus coating, the crystal structure depends mainly on the P element content
in the coating. The authors of [21] have shown that when P content is lower than 5%, it is usually
crystalline structure, and when P content is higher than 6.5%, it becomes amorphous structure. In this
test, since the prepared plating layer is a quaternary alloy plating layer, and the atomic structure,
size, and electronegativity of Ni, Fe, Co, and P elements are largely different, the amorphous forming
ability is enhanced. Therefore, the plating layer is still amorphous when the P content is low. It is
generally believed that the amorphous coating has better corrosion resistance due to the absence of
local electrochemical potential difference between crystal grains and grain boundaries in the crystalline
coating [18].
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Figure 7. XRD patterns of coatings with different concentration of nanometer CeO2 particles.

3.3. Tafel Polarization Curve

Figure 8 shows the polarization curves of the composite coatings in the 50 g/L NaCl solution.
The corrosion parameters obtained by Cview 2 software and polarization curve epitaxy are shown in
Table 4. It can be seen from Figure 8 that the anodic polarization process of the composite coating is
hindered and a significant passivation behavior occurs, and the composite coating is obtained when
the concentration of nano-CeO2 particles in the plating solution is 1 g/L. The passivation zone is
significantly larger than the remaining composite coating. It can be seen from Figure 8 and Table 4,
compared with the polarization curve of pure Ni-Fe-Co-P alloy coating, that the polarization curve of
composite coating prepared by co-deposition of a certain number of nano-CeO2 particles by scanning
electrodeposition technology moves up and left as a whole. With the increase of the concentration of
nano-CeO2 particles in the plating solution, the self-corrosion potential is continuously shifted, and the
corrosion current density is gradually reduced. When the concentration of nano-CeO2 particles is
1 g/L, the prepared Ni-Fe-Co-P-CeO2 composite coating has the most positive self-corrosion potential
(−0.19372 V) and the minimum corrosion current density (1.5375 × 10−5 A·cm−2). While continuing to
increase the concentration of nano-CeO2 particles, the corrosion potential is negatively shifted, and the
corrosion current density is significantly increased, indicating that corrosion resistance has begun to
decline. According to the principle of corrosion electrochemistry, the larger the corrosion potential
is, the smaller the corrosion current density is, the smaller the corrosion tendency of the material
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is, and the better the corrosion resistance is. Therefore, the concentration of nano-CeO2 particles is
1 g/L. The Ni-Fe-Co-P-CeO2 composite coating has the best corrosion resistance. Studies have shown
that anodic polarization can slow metal corrosion, and the degree of anodic polarization directly
affects the speed of the anode process [22]. Compared with the pure Ni-Fe-Co-P coating, the addition
of nano-CeO2 particles increases the hindrance of the corrosion process of the nickel-based coating.
The Ba and Bc of the polarization curve of the composite coating are increased compared with the
coating of the undoped nano-CeO2 particles; especially, the blocking effect (Ba) of the anode is more
significant. When excessive nano-CeO2 particles are added to the plating solution, too much rare earth
oxide adsorbs on the surface of the substrate, hindering the adsorption of Ni, Co, and Fe element on
the surface of the substrate, which hinders the deposition of particles, which is not conducive to the
plating. The formation of its corrosion resistance has been weakened.
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Figure 8. Polarization curves of coatings with different concentrations of nanometer CeO2 particles.

Table 4. Composition of plating solution.

Sample Ba (mV) Bc (mV) Icorr (A·cm−2) Ecorr (V) Error (%)

Ni-Fe-Co-P 156.7 155.8 8.0989 × 10−5 −1.0394 5.96
Ni-Fe-Co-P-0.5 g/LCeO2 243.09 156.47 6.6569 × 10−5 −0.64157 6.14
Ni-Fe-Co-P-1 g/LCeO2 336.01 174.46 1.5375 × 10−5 −0.19372 7.01

Ni-Fe-Co-P-1.5 g/LCeO2 246.58 244.66 4.5404 × 10−5 −0.5361 9.93

3.4. Analysis of Electrochemical Impedance Spectroscopy

In order to further explore the mechanism of electrochemical corrosion of Ni-Fe-Co-P-CeO2

composite coating, more corrosion kinetic information is obtained. The AC impedance analysis of
the composite coating is performed under open circuit potential. The electrochemical impedance
spectrum obtained in Figure 9 is shown. The Nyquist diagram of the composite coating (Figure 9a)
shows a single capacitive reactance arc characteristic, and the Bode diagram (Figure 9c) has only one
peak, indicating that the time constant is 1, and the electrode reaction process is mainly affected by the
charge [23]. The transfer effect also indicates that the corrosive medium only contacts the interface
of the coating and does not penetrate into the surface of the substrate due to diffusion. It can be
seen from the phase angle curve of the Bode diagram (Figure 9c) that the maximum phase angle of
the Ni-Fe-Co-P-CeO2 composite coating is higher than that of the pure nickel-based coating (56.379).
From the impedance curve (Figure 9b), the impedance modulus of the composite coating doped
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with nano-CeO2 particles is higher than that of the undoped nano-CeO2 particles throughout the
scanning frequency interval. This shows that the corrosion resistance of the Ni-Fe-Co-P alloy coating
is effectively improved by co-depositing nano-CeO2 particles. It can also be seen from the Nyquist
diagram of Figure 9 (Figure 9a) that the radius of the capacitive reactance of the Ni-Fe-Co-P-CeO2

composite coating is much larger than that of the Ni-Fe-Co-P alloy coating. When the concentration
of nano-CeO2 particles is 1 g/L, the radius of the capacitive anti-arc is the largest, and the radius
of the capacitive anti-arc is used as the characterization of the corrosion resistance of the coating.
The larger the radius, the greater the resistance of charge transfer and the harder the corrosion reaction.
This result shows that the Ni-Fe-Co-P-CeO2 composite coating has better corrosion resistance. The AC
impedance spectrum is modeled by the equivalent circuit diagram shown in Figure 10 and fitted by
Zview software. The obtained fitting data is shown in Table 5. In the equivalent circuit diagram, Rs is
the resistance in the solution. Rp is a charge transfer resistor, CPE is a constant phase angle element,
and its impedance is

Z = 1/Y0(jω)−n

its type has two parameters: constant Y0, its dimension is Ω−1·cm−2·s−n; parameter n, dimensionless
index. When n = 1, the CPE component is the ideal capacitor. When n = 0, the CPE component is
pure resistance, and in the actual solution, n is between 0 and 1 [7]. Obviously, with the addition of
nano-CeO2 particles, the charge transfer resistance of the composite coating increases first and then
decreases but the charge transfer resistor (Rp) of the doped nano-CeO2 particles is always larger than
that of the pure nickel-based coating, and the corrosion resistance is extremely high great improvement.
When the concentration of nano-CeO2 particles in the plating solution is too large, the nano-CeO2

particles are easily agglomerated, and the inclusions formed are increased, resulting in loose coating
structure, and the strengthening effect of the nano-CeO2 particles is weakened.
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Figure 9. Cont.
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Figure 10. Equivalent circuit diagram.
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Table 5. Equivalent circuit diagram parameter value.

Sample Rs (Ω·cm−2) CPE-T (F·cm−2) CPE-P Rp (Ω·cm−2) Error (%)

Ni-Fe-Co-P 10.47 0.0011242 0.73659 776.1 4.46
Ni-Fe-Co-P-0.5 g/L CeO2 11.31 0.000526 0.79027 1513 3.12
Ni-Fe-Co-P-1 g/L CeO2 2.229 0.00054346 0.62269 2941 4.30

Ni-Fe-Co-P-1.5 g/L CeO2 2.807 0.00084912 0.60494 2631 6.85

3.5. Surface Morphology after Corrosion of the Coating

The SEM photographs in Figure 11 (image type is SEI) shows the surface topography of the
composite coating after corrosion. It can be seen that after 5 days of etching in 50 g/L NaCl solution,
many micro-protrusions of different sizes appear on the surface of the coating, and the surface appears
more frequently black corrosion product. A large number of narrow and shallow microcracks extend
along the boundaries of the cell structure. The degree of corrosion of the composite coating with
different concentrations of nano-CeO2 particles in the plating solution is different. Among them,
the coating of undoped nano-CeO2 particles (Figure 11a) is most corroded, and a large amount of
corrosion product is deposited on the surface. When the concentration of nano-CeO2 particles is 1 g/L
(Figure 11c), the coating is the least corroded and has a stronger retarding effect on corrosive media.

Generally speaking, the corrosion of metal in NaCl solution is mainly due to the presence of
Cl−, the Cl− radius is small, the penetrating ability is very strong, and the adsorption is unevenly in
the vicinity of the boundary and the impurity, so that the local dissolution is dominant, and pitting
micropores are formed. Even if the surface has a passivation film formed by the metal, Cl− can
form a soluble compound with the cation of the passivation film, destroying the dynamic balance of
dissolution and repair of the passivation film, causing the passivation film to be gradually eliminated
and continue to be corroded, resulting in etching. The deepening of the hole can quickly become
a corrosion pit. When sprayed electrodeposition is used to prepare Ni-Fe-Co-P alloy coating, it is
always accompanied by hydrogen evolution reaction, which retards the discharge deposition of Ni,
Co, and Fe elements, which leads to the formation of pinholes or pits on the surface of the coating.
In addition, the transition elements are sprayed. During the electrodeposition process, the amount of
hydrogen absorption is large. The hydrogen atoms that penetrate into the cell by diffusion will cause
distortion of the cytoplasm, forming a large internal stress, and stress corrosion occurs during the
corrosion process. After the corrosion, the surface of the plating layer is easily cracked [24]. Since the
deposition process of the sprayed electrodeposited Ni-Fe-Co-P alloy coating is a process of uneven
reduction and accumulation of Ni, Co, Fe, and P, the atomic size is different and the arrangement is
different, which can only be disorderly stacked and reflected to the plating layer [25]. On the top,
the cell material is relatively dispersed, which provides conditions for the diffusion of corrosive media,
but the corrosion condition after the addition of nano-CeO2 particles is improved. The reason is: first,
the filling effect of the nano-CeO2 particles between the coating boundaries makes the structure of
the composite coating is more uniform and dense, the porosity is greatly reduced, and the rare earth
elements have strong affinity with impurity elements such as O and H, and these impurity elements
can be wrapped to form a rare earth composite phase, and the surface of the coating is dispersed.
The composite phase coverage causes the permeation channel of Cl− ions to be effectively intercepted,
thereby enhancing the corrosion resistance of the composite coating [26]. Secondly, because the
potential of nano-CeO2 particles is in Ni, Co, and Fe metals, it is easy to form microscopic galvanic cells
at the interface between nano-CeO2 particles and nickel-based alloy. Nano-CeO2 particles are used as
the cathode, and Ni, Co, and Fe are the anode. This galvanic reaction changes the coating from local
spot corrosion to uniform corrosion, which helps to slow down the corrosion. When the concentration
of nano-CeO2 particles is too large, the metal ions are precipitated in a large amount as a complex,
and the amount of precipitation increases, but the actual deposition rate decreases, and the corrosion
tendency of the coating increases [27].
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Figure 11. Surface morphology after plating corrosion: (a) Ni-Fe-Co-P; (b) Ni-Fe-Co-P-0.5 g/L CeO2;
(c) Ni-Fe-Co-P-1 g/L CeO2; and (d) Ni-Fe-Co-P-1.5 g/L CeO2.

4. Conclusions

In this paper, a Ni-Fe-Co-P-CeO2 composite coating was prepared using the scanning
electrodeposition technique. To explore the impact of the concentration of nano-CeO2 particles
in the plating solution on the micro morphology, structure, and composition of the coating, and to
study the strengthening mechanism of nano-CeO2 particles on the electrochemical corrosion behavior
of Ni-Fe-Co-P alloy coating, the following conclusions were drawn:

(1) The surface structure of Ni-Fe-Co-P-CeO2 composite coating is dense, with fewer defects, and the
bonding between the coating and the substrate is good. The addition of nano-CeO2 particles
increases the P mass fraction of the coating, which helps slow down corrosion.

(2) The Ni-Fe-Co-P-CeO2 composite coating is still amorphous in the case of low P mass fraction.
(3) The Ni-Fe-Co-P-1 g/L CeO2 composite coating has the most positive self-corrosion potential,

the lowest self-corrosion current density, and the best corrosion resistance.
(4) With the increase of the concentration of nano-CeO2 particles in the plating solution, the impedance

spectrum of Ni-Fe-Co-P-CeO2 composite coating is nonlinearly related to the charge-transfer
resistance of the equivalent circuit, which increases first and then decreases. Regularly,
the Ni-Fe-Co-P-1 g/L CeO2 composite coating has the largest charge transfer resistance
(2941 Ω·cm−2) and the weakest corrosion tendency.

(5) After corrosion, micro-cracks and a large number of corrosion products appear on the surface of
the coating. After doping with appropriate number of nano-CeO2 particles, the alloy coating can
inhibit this corrosion, and the corrosion degree of the Ni-Fe-Co-P-1 g/L CeO2 composite coating
is the smallest, showing the best corrosion resistance.
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