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Abstract: This work aims to improve the properties of aluminum foams including the mechanical
properties and corrosion resistance by electrodepositing a SiC/TiN nanoparticles reinforced Ni–Mo
coating on the substrate. The coatings were electrodeposited at different voltages, and the
morphologies of the coating were detected by SEM (scanning electron microscope) to determine the
most suitable voltage. We used XRD (x-ray diffraction) and TEM (transmission electron microscope)
to analyze the structure of the coatings. The aluminum foams and the substrates on which the coatings
were electrodeposited at a voltage of 6.0 V for different electrodeposition times were compressed
on an MTS (an Electro-mechanical Universal Testing Machine) to detect the mechanical properties.
The corrosion resistance before and after the electrodeposition experiment was also examined.
The results showed that the coating effectively improved the mechanical properties. When the
electrodeposition time was changed from 10 min to 40 min, the Wv of the aluminum foams increased
from 0.852 J to 2.520 J and the σs increased from 1.06 MPa to 2.99 MPa. The corrosion resistance
of the aluminum foams was significantly improved after being coated with the Ni–Mo–SiC–TiN
nanocomposite coating. The self-corrosion potential, pitting potential, and potential for primary
passivation were positively shifted by 294 mV, 99 mV, and 301 mV, respectively. The effect of
nanoparticles on the corrosion resistance of the coatings is significant.
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1. Introduction

Aluminum foams have the characteristics of both metal materials and foam materials due to their
special structure. They are functional materials with the properties of both structural materials and
functional materials [1–4]. Aluminum foams have a unique stress–strain curve including a linear elastic
region, a plastic collapse region, and a densification region, which makes aluminum foam materials
suitable for use as an energy absorber [5]. Due to its excellent properties including light weight, high
sound absorption and insulation performance, heat resistance, and high cushioning performance, it is
widely used in sound absorption and sound insulation structures such as sound barriers and sound
insulation boards, and for energy absorption and collision protection in automobiles [6–9]. However,
the high porosity of aluminum foam significantly lowers its mechanical strength. When applied in an
engineering field, it often fails prematurely, which greatly limits its potential range of applications.
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For example, when an aluminum foam is used for sound insulation and heat transfer in an environment
that requires a certain load, the aluminum foam will fail and be crushed after the load acts on it for
a long period of time [10]. The seawater, micro-organisms, and salt spray in a marine environment
can corrode aluminum foams when they are used in marine transportation applications. In order to
expand the range of uses of aluminum foams and make them better for practical applications, surface
modification methods are used to simultaneously improve their mechanical properties and corrosion
resistance. An aluminum foam with a high energy absorption capacity should have a longer and higher
stress platform. At present, using the same material to thicken the foam pillar is a common method
for improving the energy absorption capacity [11–14]. However, this method has certain limitations.
When the pillar of the aluminum foam is thickened, the platform stress will be improved, but the
aluminum foam will be dense [15–17]. Densification may limit the ability of aluminum foams to absorb
energy. At present, the commonly used surface modification methods for aluminum foams include
micro-arc oxidation, anodization, electro-less plating, sol–gel deposition, and electrodeposition [18–20].
Of these methods, electrodeposition is widely used because it is simple, low cost, and easy to control.

At present, there are a number of reports on the use of deposited layers to enhance the properties
of aluminum foams. Yuttanant Boonyongmaneerat et al. [21] electrodeposited a nanocrystalline
Ni–W coating on open-cell aluminum foams to improve their properties including compressive
strength and energy abortion. Zhendong Li et al. [22] confirmed that a thermally evaporating
Zn film could significantly enhance open-cell aluminum foams and increase their yield strength.
Liu Huan et al. [10] studied the enhancements that a Ni coating could provide to closed-cell aluminum
foams. It demonstrated that a Ni coating could improve the properties of aluminum foams including
both the mechanical and corrosion resistance properties. Jiaan Liu et al. [23] showed that the corrosion
resistance of closed-cell aluminum foams could be improved by an electro-less Ni–P coating. Due to
the excellent mechanical properties, corrosion resistance, and wear resistance of the Ni–Mo coating,
it often used as an protective coating [24–26]. SiC nanoparticles have a high degree of hardness, wear
resistance, and thermal stability, and TiN nanoparticles have a high degree of hardness, high strength,
and corrosion resistance [27–29]. As far as we know, no research has been done on the use of a Ni–Mo
coating and a duplex nanoparticles reinforced Ni–Mo coating to enhance the properties of closed-cell
aluminum foams.

In this work, the influence of a Ni–Mo coating and a duplex nanoparticles reinforced Ni–Mo
coating on the mechanical properties and corrosion resistance of closed-cell aluminum foams was
studied. The effects of electrodeposition voltage and electrodeposition time on the morphology,
mechanical properties, and corrosion resistance of the closed-cell aluminum foams were investigated.
The deposition mechanism of the duplex nanoparticles reinforced Ni–Mo coating is also discussed.

2. Materials and Methods

2.1. Samples and Solution

We used the method of melt foaming to prepare the closed-cell aluminum foams in this experiment.
The density of the samples was 0.2 g/cm3. The pore diameter was 4 mm. We used an electrical discharge
machine to reduce the sample’s dimensions to 20 mm × 20 mm × 9 mm.

To create a good bond between the substrate and the coating, the aluminum foam was pretreated
before the electrodeposition experiment. The aluminum foam sample was immersed in a 10~15%
H2SO4 solution at 60 ◦C for 1–3 min. After immersion, the oil was removed. Then, a 5% NaOH solution
was used to remove the Al2O3 film from the surface of the samples. The sample was immersed for
2 min. Finally, the aluminum foam was immersed for 5 min in a 10% HNO3 solution. The corrosion
products were removed and activated. After each of the steps was completed, the sample was washed
with distilled water to prevent the pretreatment liquid from being contaminated. After the pretreatment
steps were completed, the aluminum foam sample was placed in the electrolyte immediately to prevent
it from being oxidized in the air.
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Table 1 shows the electrolyte components that were used in this experiment. The electrolyte was
composed of analytically pure reagent and distilled water. The added SiC and TiN nanoparticles
(Shanghai Chaowei Nanotechnology Co. Ltd., Nanxiang Hi-Tech Industrial Park, Jiading District,
Shanghai) both had a mean particle diameter of 20 nm and purity of 99 wt.%. Since nanoparticles
tend to agglomerate in the electrolyte, SDS was chosen as the dispersing agent. The electrolyte was
subjected to ultrasonic treatment for 2 h and the electrolyte was stirred using a magnetic stirrer with a
speed of 300 rpm during the electrodeposition experiment. Electrolyte (200 mL) was placed in a bath,
pure nickel plate (99.99 wt.%) was used as the anode, and the aluminum foam sample was used as the
cathode. The anode and the cathode had a distance of 30 mm between them.

Table 1. Components of the electrolyte for the electrodeposition of the Ni–Mo–SiC–TiN coating.

Bath Composition Concentration Purpose

NiSO4·6H2O 0.27 mol·dm3 Ni source
Na2MoO4·2H2O 0.032 mol·dm−3 Mo source

Na3C6H5O7·2H2O 0.52 mol·dm−3 Complexing agent
NH4Cl 0.65 mol·dm−3 Buffer

SDS 0.1 g·dm−3 Surfactant
SiC 5 g·dm−3 Composite phase
TiN 5 g·dm−3 Composite phase

2.2. Morphology Investigation

The surface morphology and a cross-section of the coating were observed using a Hitachi S4800
field scanning electron microscope (SEM, Hitachi, Ltd., Tokyo, Japan). The elements were analyzed by
energy dispersive x-ray spectroscopy. The structure of the coating was examined by D8 ADVANCE
x-ray diffraction (XRD, Bruker, Karlsruhe, Germany). Cu-kα radiation was selected, and the 2θ range
was 20~80◦. In order to further analyze the specific structure of the nanocomposite coating and the
distribution of nanoparticles, the coating was examined by an FEI Talos F200X transmission electron
microscope (TEM, FEI™, Hillsboro, OR, USA) including high-resolution TEM (HR-TEM) and selected
area electron diffraction (SAED).

2.3. Properties Investigation

An electrodeposited aluminum foam with the dimensions of 20 mm × 30 mm × 40 mm was
subjected to a quasi-static compression test on an MTS (an Electro-mechanical Universal Testing
Machine, American MTS Corporation, MN, USA) with a selected load of 10 KN, a compression speed
of 5 mm/min, and a compression amount greater than 70%.

The corrosion resistance of the sample at room temperature was measured by the three-electrode
working system. In this experiment, a 3.5 wt% NaCl solution was used as the etching solution.
The working electrode was the aluminum foam sample, the reference electrode was the saturated
calomel electrode, and the counter electrode was the platinum plate electrode. The selected voltage
range was −2 to 1 V and the scan rate was 2 mV/s.

The samples were placed in an immersion test for 120 h to measure the corrosion rate at 25 ◦C.
The immersion solution was a 3.5 wt% NaCl. The samples were weighed to calculate the mass loss
every 24 h. Distilled water was used to rinse the samples, and they were dried thoroughly before each
weighing. The weight of a sample was expressed as the average of three measurements. The analytical
balance that was used to weigh the samples had an accuracy of 0.01 mg.

3. Theoretical Models

Electrodeposition of metals and alloys refers to the reduction of metal ions from an electrolyte,
where electrons (e) are provided by an external power supply. The reaction time and the current can
optimize the thickness of a coating. Molybdenum cannot be electrodeposited from the electrolyte
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solution, but the co-deposition of nickel and molybdenum can be achieved using sodium citrate
as an inducer. During the electrodeposition of Ni–Mo composite coatings on an aluminum foam,
the following chemical reactions occur at the cathode and anode [30]:

Anode:
Ni− 2e→ Ni2+ (1)

Cathode:
Ni2+ + 2 e→ Ni (2)

MoO4
2− + 2H2O + 2e→MoO2 + 4OH− (3)

NiCit− + MoO2 → [NiCitMoO2]
−

ads (4)

[NiCitMoO2]
−

ads + 2H2O + 4e→Mo + NiCit− + 4OH− (5)

With respect to the co-deposition of nanoparticles with a Ni–Mo matrix, the processes include three
main steps, as illustrated in Figure 1. According to Gugliemi’s absorption model, Ni ions and Mo ions
in the electrolyte solution are first adsorbed on the nanoparticles to form Ni/Mo ionic clouds. Under
the electric field force, metal ions and ionic clouds move toward the cathode and are tightly adsorbed
on the aluminum foams. Then, the Ni and Mo ions adsorbed on the surface of the nanoparticles are
reduced partially at the surface of the foam. Simultaneously, nanoparticles are trapped by the metal
matrix and embedded in the Ni–Mo plating layer.

Figure 1. A schematic diagram representing the electrodeposition process of a duplex nanoparticles
reinforced Ni–Mo coating.

Based on a theoretical model of Cu electrodeposition, the model of the electrodeposited Ni–Mo
alloy coating in this experiment is now described [31].

The plating deposition rate is expressed by P%, and its expression is:

P% = [(P2)i − P1i]/P1i (6)

where P1 indicates the mass of the substrate before the electrodeposition experiment; P2 indicates the
mass of the aluminum foam covered with a coating; and i indicates the sample number. P% is the ratio
of the mass of the aluminum foam covered with a Ni–Mo coating to the mass of the aluminum foam
before electrodeposition.

P% =
MNiMo

ρ ∗Vi
= (MMNiMo∗nNiMo)/(ρ∗Vi) (7)
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where MNiMo is the mass of the deposited Ni–Mo alloy coating; MMNi–Mo is the molar mass of Ni–Mo
alloy; and ρ and Vi indicate the density and volume of the aluminum foam before the electrodeposition
experiment, respectively.

The Ni–Mo alloy that was formed in this experiment is a Ni–Mo solid solution. When 1 mole of
Ni–Mo alloy coating is deposited, 14 moles of electron are required. Then, P% also can be expressed as:

P% = (MMNiMo ∗ ne)/ (14 ∗ ρ ∗Vi) (8)

where e is the electric charge of an electron.
It is known that ne = q/(Na ∗ e), q = i ∗ t. Then,

P% = MMNiMo/(14∗Na ∗ e] ∗ [(i ∗ t)/(ρ ∗Vi) (9)

where t is the electrodeposition time (in minutes); Na is Avogadro’s number with a value of 6.02 × 1023;
MMNiMo is 331 g/mol; and e is 1.6 × 10−19 C. Then,

P% = 2.45× 10−4 ∗ [(i ∗ t)/(ρ ∗Vi)]. (10)

As this experiment was carried out under a certain voltage, the expression is written as

P% = 2.45× 10−4 ∗ [(u ∗ t)/(ρ ∗Vi ∗ r)] (11)

where u is the electrodeposition voltage and r is the total resistance.
The relationship between the deposition rate of a Ni–Mo coating, the electrodeposition voltage u,

and the time t can be obtained by Equation (11), and the P% that is obtained by experiments can be
verified using theoretical calculations.

4. Results and Discussion

4.1. Coating Characterization

Figure 2b show the SEM images of the two kinds of nanoparticles with an original size of
approximately 20 nm. As can be seen, both kinds of nanoparticles were agglomerated due to the
surface effect.

Figure 2d–f show the morphologies of the electrodeposited duplex nanoparticles reinforced
Ni–Mo coatings, applying electrodeposition voltages ranging from 2.5 V to 6.0 V, respectively. It has
been reported that nanoparticles can make a coating have a finer grain and a higher microhardness.
In accordance with this, SiC- and TiN-reinforced coatings have structures with finer grain sizes than
Ni–Mo composite coatings. As the voltage increased, coating particles were gradually formed and
completely covered the substrate. When the voltage was increased to 6.0 V, a uniform coating was
prepared on the aluminum foam. The SEM image shown in Figure 2i revealed that the surface of
the coating had nanoparticles dispersed upon it. At the voltage of 6.0 V, a nodular and homogenous
Ni–Mo coating was also obtained. It is known that a larger electrodeposition voltage can increase the
nucleation driving force, so plating particles are formed. The metal ion deposition rate was sufficiently
high to form a uniform and dense coating on the substrate at the voltage of 6.0 V. Figure 2h shows
the morphology of a cross-section of aluminum foam that was subject to electrodeposition for 10 min
at 6.0 V. The coating had a thickness of about 25 μm. The bond between the plating layer and the
substrate was good, the thickness of the plating layer was relatively uniform, and there were no cracks
or discontinuities.
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Figure 2. SEM (scanning electron microscope) images of (a) SiC nanoparticles, (b) TiN nanoparticles,
(c) the Ni–Mo coating, and the duplex nanoparticles reinforced Ni–Mo coating electrodeposited (d)
at 2.3 V, (e) 4.5 V, and (f) 6.0 V. The enlarged SEM images of the duplex nanoparticles reinforced
Ni–Mo coating (g) at 2.3 V, (i) 6.0 V; and (h) morphology of a cross-section of the duplex nanoparticles
reinforced Ni–Mo coating.

Figure 3 shows the XRD patterns of the coatings. The body-centered cubic structure that
corresponds to nickel’s (111), (200), and (220) diffraction peaks. No diffraction peak of molybdenum
was detected, indicating that the nickel atom and the molybdenum atom existed in the form of a
Ni–Mo solid solution. The nanoparticles did not change the structure of the Ni–Mo coating. In the
XRD patterns, there were no diffraction peaks related to nanoparticles. This is mainly because the
size of the nanoparticles was too small, their content too low, and the distribution was uniform [32].
The intensity of the peaks of the XRD patterns of the coatings electrodeposited at 6.0 V for different
times were different. We used the Scherrer formula to calculate the crystallite size:

D = Kλ/(βCOSθ) (12)

where λ represents the wavelength of the x-ray (0.15406 nm); K is the Scherrer constant (0.9); β is the
full width of the reflection line at half maxima; and θ is a Bragg diffraction angle.
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Figure 3. XRD (x-ray diffraction) patterns of coatings electrodeposited by different times.

Table 2 shows the results. As the electrodeposition time increased, the grains of the coatings
accumulated and the crystallite size increased. Comparing the crystallite size of the Ni–Mo coating
to that of the duplex nanoparticles reinforced Ni–Mo coating, it can be seen that the nanoparticles
decreased the crystallite size of the coating. Nanoparticles can inhibit the grain growth because they
provide nucleation dots.

Table 2. Crystallite size of different coatings electrodeposited at 6.0 V.

Coatings (Electrodeposition Time) Crystallite Size (nm)

Ni–Mo (10 min) 13.31
Ni–Mo–SiC–TiN (10 min) 12.14
Ni–Mo–SiC–TiN (20 min) 17.01
Ni–Mo–SiC–TiN (30 min) 20.36
Ni–Mo–SiC–TiN (40 min) 24.96

Figure 4 shows the EDS (energy dispersive spectrometer) elements mapping of the duplex
nanoparticles reinforced Ni–Mo coating. Ni, Mo, Si, C, Ti, and N elements were detected. The existence
of Si, C, Ti, and N elements indicates that duplex nanoparticles were successfully electrodeposited in the
Ni–Mo composite coating. The EDS element mapping demonstrates the specific distribution of duplex
nanoparticles. Nanoparticles were uniformly dispersed in the coating, but partial agglomeration
occurred. Since the coating used for EDS (energy dispersive spectrometer) detection was a 100 nm thin
layer, the distribution of nanoparticles inside the coating can be known.
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Figure 4. EDS (energy dispersive spectrometer) element mapping of the Ni–Mo–SiC–TiN
nanocomposite coating.

Figure 5a presents the TEM images under a bright field. From the images, it was found that the
nanoparticles were tightly embedded in the Ni–Mo metal matrix and there were no voids between
them. The interface between the nanoparticles and the Ni–Mo metal matrix was clear and there were
no harmful interfacial reaction products. The selected area electron diffraction rings in Figure 5b
correspond to the (111), (200), (220), and (311) crystal faces of the nickel–molybdenum solid solution,
respectively. The fast Fourier transform (FFT) and inverse FFT of the nanoparticles in Figure 5a
are shown in Figure 5c. The nanoparticles were proven to be 6H–SiC, which have a hexagonal
closed-packed (HCP) structure with a Lattice constant of 3.08 Å.

Figure 5. (a) Bright field image of the duplex nanoparticles reinforced Ni–Mo coating; (b) diffraction
ring of the metal matrix; and (c) HR-TEM image of the nanoparticles.
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4.2. Mechanical Behavior

Figure 6a shows the stress–strain curves of the aluminum foam and the aluminum foams subjected
to electrodeposition for different times. The enlarged elastic region of the curve is shown in Figure 6b.
The stress–strain curve of the aluminum foam includes three parts: an elastic deformation stage, a yield
stage, and a densification stage. In the initial stage of the compression experiment, the stress increased
as the strain increased. The relationship between stress and strain was linear. When the curve entered
the yield stage, the stress appeared to be small or substantially constant as the strain increased. In the
densification stage, since the pores inside the aluminum foam burst and collapsed, the stress increased
sharply at this stage and the strain remained substantially unchanged.

Figure 6. (a) Stress–strain curves of aluminum foam and aluminum foam subject to electrodeposition
at the voltage of 6.0 V; (b) the enlarged elastic region of (a). (c) the yield strength and unit volume
energy in function of the final density of samples.

Compared with the aluminum foam matrix, the elastic modulus and the platform stress of the
aluminum foams after the coating was deposited were improved. When the strain remained the same,
the stress of the aluminum foam after electrodeposition was larger than that of the aluminum foam
substrate. There are two main reasons for the increase in strength and elastic modulus of aluminum
foams with electrodeposited coatings. The first reason is that, due to the particularity of the structure
of the aluminum foam, the deformation of the aluminum alloy during the compression experiment
was not synchronized, resulting in separation of the coating from the substrate. The second reason is
the friction and extrusion between the coating and the substrate. The stress–strain curve also showed
that the coating increased the energy absorption of the aluminum foam.

The density of an aluminum foam affects its mechanical strength. An increase in density
will increase the compressive properties. The density is related to the electrodeposition time.
The electrodeposition time determines the quality of the coating that is deposited on the substrate, so
the quality affects the mechanical strength of the substrate. Table 3 lists the coefficient of variation
P% of different electrodeposition times. The resistance, which includes the external contact resistance
r1, the solution resistance r2, and the resistance of the cathode film r3 during the electrodeposition
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process, are all uncertain. The resistance at 10 min of electrodeposition was used as the resistance in
this experiment.

Table 3. Characteristics of different samples.

Samples
Deposition

Time t (min)

Initial
Density
ρ0 (g/cm3)

Final
Density ρ

(g/cm3)

Coefficient
of Variation

P% (%)

Yield
Strength σs

(MPa)

Elastic
Modulus

(MPa)
Wv (J)

Substrate 0 / / / 1.06 43.67 0.852
Ni–Mo–SiC–TiN 10 0.4562 0.5051 10.7 1.93 54.39 1.237
Ni–Mo–SiC–TiN 20 0.4553 0.5623 23.5 2.38 106.27 1.795
Ni–Mo–SiC–TiN 30 0.4320 0.5996 38.8 2.59 248.63 2.146

Ni–Mo 30 0.4326 0.5976 38.2 2.52 240.46 2.069
Ni–Mo–SiC–TiN 40 0.4612 0.7075 53.4 2.99 344.75 2.520

The coefficient of variation of 20 min, 30 min, and 40 min of electrodeposition, as calculated by
the established electrodeposition theoretical model, was 21.35%, 33.76%, and 42.16%, respectively,
while the P% obtained from the experiment was 23.5%, 38.8%, and 53.4%, respectively. Density of
Ni–Mo–SiC–TiN coatings does not obviously change with deposition time. As the deposition time
increased, the error between the theoretical model and the results obtained from deposition rate
increased. The main reason for this is that an increase in the electrodeposition time will cause a large
change in resistance.

Table 3 also lists the density, yield strength, densification strain, and Wv of the aluminum foam
after the electrodeposition experiments. Wv represents the energy absorbed per unit volume when the
aluminum foam is deformed. When comparing the compression properties of the samples after different
electrodeposition times, it was found that the stress–strain curves of aluminum foams moved upward
with the increase of electrodeposition time. This is mainly because an increase in electrodeposition
time will increase the quality of the coating on the aluminum foam. The quality of the coating on the
surface increases the strength and stiffness of the aluminum foam. From the stress–strain curve, it can
be seen that the curve appeared to fluctuate in the stress platform stage, which is due to the instability
of the aluminum foam. This can be attributed to the non-uniformity of the aluminum foam’s cell
structure and its rough surface. When the stress–strain curve passes the linear elastic phase, the stress
tends to decrease; the reasons for this are discussed in the literature [33,34].

The stress remained almost constant as the strain increased in the stress platform stage, which
allowed the sample to absorb a large amount of energy during the compression process. Figure 6
shows the absorbed energy per unit volume of the aluminum foam during the quasi-static compression
experiment in the stress–strain curve. Its calculation expression is [35]

Wv =

∫ εD

0
σ(ε)dε (13)

where εD represents the densification strain, which corresponds to a sharp rise in stress during
compression because the aluminum foam is crushed and deformed and the cell structure completely
collapses, and σ(ε) represents the stress.

Gibson et al. proposed the following relationship between the densification strain of closed-cell
aluminum foam, εD [36], and the relative density ρ:

εD = 1− 1.4 ρ (14)

where ρ is the ratio of the apparent density ρ of the aluminum foam to the density ρs (2.70 g/cm3) of
the aluminum foam matrix.
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The relationship between the Wv and the apparent density ρ of aluminum foams is obtained from
the above two formulas:

Wv =

∫ 1−0.518ρ

0
σ(ε)dε. (15)

The relationship indicates that Wv is related to the density of aluminum foams.
The specific relationship between the density and mechanical properties of samples was explored

after the electrodeposition experiments, the density of aluminum foams after the electrodeposition of a
coating between the Wv, and yield strength σs were respectively fitted. The fitting results are shown in
Figure 6c, d. The relationship between the unit volume energy absorption Wv and the density ρ is

Wv = a + b1ρ+ b2ρ
2. (16)

From the fitting results, the value of a, b1, and b2 is −12.05942 ± 1.72093, 40.51736 ± 5.70059, and
−28.13555 ± 4.65988, respectively. The value of the correlation coefficient R2 is 0.99376.

The relationship between the yield strength σs and the density ρ is

σs = d + cρ. (17)

From the fitting results, the value of d, c, and the correlation coefficient R2 is −0.5350 ± 0.44692,
5.0664 ± 0.74711, and 0.93748, respectively.

Due to the particular structure of each cell of the aluminum foams and the differences in the
deposition rate, the data shown in Figure 6c are relatively discrete.

When the aluminum foams were subjected to electrodeposition for 10 min, 20 min, 30 min, and 40
min, Wv was quadratic with ρ, and σs increased linearly with ρ. Comparing the mechanical properties
of the substrates, which were coated with a Ni–Mo coating and a duplex nanoparticles reinforced Ni–Mo
coating, the addition of nanoparticles only slightly increased Wv and σs. This limited enhancement of
the compressive properties is due to the small amount of nanoparticles in the Ni–Mo coatings.

4.3. Corrosion Resistance

The corrosion resistance of the aluminum foam and the aluminum foams with an electrodeposited
Ni–Mo coating and a duplex nanoparticles reinforced Ni–Mo coating was detected. The obtained
polarization curves are shown in Figure 7a. Table 4 lists the corrosion parameters extracted from
the polarization curves. After the Ni–Mo coating was electrodeposited on the aluminum foam,
the corrosion potential of the aluminum foam was positively shifted from −1160 mV to −937 mV and
the corrosion current density decreased from 4.48 × 10−5 A/cm2 to 3.90 × 10−5 A/cm2. The pitting
potential and the potential for primary passivation were positively shifted by 48 mV and 225 mV,
respectively. The positive shift of the Zero current potential was due to changes in the hydrogen
evolution reduction process. Both the aluminum foam and the aluminum foam with an electrodeposited
Ni–Mo coating formed passive films. The aluminum foam formed a passive film because of the
oxide layer. The oxygen-rich surface reacted with the etching solution to form an adsorption layer.
The adsorption layer prevented contact of the etching solution with the surface of the plating layer to
prevent the hydration of nickel, which is the first step in the formation of a passive nickel film on the
surface of the aluminum foam covered with the Ni–Mo coating.
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Figure 7. The polarization curves of the samples (a) and weight loss versus time curves after the
immersion test (b); SEM images of the substrate and coatings after the polarization test (c) and
immersion test (d).

Compared with the substrate, the corrosion resistance of the samples after electrodeposition
was greatly improved. The Ni–Mo coating was found to effectively protect the aluminum foam
from corrosion. In order for a corrosive liquid to have a corrosive effect on the aluminum foam’s
substrate, the passivation film on the surface of the aluminum foam must first be destroyed. The Cl−
in the etching solution was found to easily pass through the passivation film due to the small radius
and adsorb on the samples to hinder the adsorption of oxygen. The cations in the passivation film
combined with the Cl− to form a soluble chloride. The substrate was partially exposed due to the
local corrosion. The aluminum foam had a galvanic effect with the oxide film to form a corrosive
micro-battery. The matrix and the impurity elements Ca, Ti, and Si, which were contained in the
aluminum foam, also formed a corrosive micro-battery. This resulted in an uneven accumulation and
distribution of Cl−, which exacerbated the local corrosion.

The coating was able to effectively protect the aluminum foam matrix mainly because the
electrodeposited coating could separate the aluminum foam matrix from the etching solution so the
Ni-Mo coating had an initial corrosion. The amorphous Ni–Mo alloy coating had good corrosion
resistance, and the Mo element could easily form an inert oxide with oxygen in solution to prevent
further corrosion of the coating [37,38]. The plating layer was uniform and compact. The coating had a
thickness of about 25 μm. The pinholes and cracks in the plating layer were reduced. These all made
the distribution of Cl− become uniform. The corrosion on the surface of the coating was relatively
uniform. Then, there was a better corrosion resistance.

From the polarization curves of the samples, corrosion parameters can be obtained. The corrosion
potential was shifted from –0.937 V for the Ni–Mo coating to –0.866 V for the duplex nanoparticles
reinforced Ni–Mo coating, and the corrosion current density was reduced from 3.90 × 10−5 A/cm2 to
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2.72 × 10−5 A/cm2. This change illustrates that the SiC and TiN nanoparticles can have an improvement
on the corrosion resistance of the Ni–Mo coating. The reason for this is that these two kinds of
nanoparticles are inert nanoparticles that have a certain degree of corrosion resistance. Dispersed
nanoparticles can enhance the corrosion resistance of the coating because the nanoparticles can block
the etching solution and the coating from coming into contact.

Figure 7c shows the SEM of the sample after the polarization experiment in corrosive solution.
The aluminum foam was severely corroded, and there were many corrosion products and corrosion
pits on the aluminum foam. An EDS spectrum analysis was performed on the corrosion surface,
and the oxygen content in the corrosion product was found to be 17.04 wt.%. Compared with the
aluminum foam, the Ni–Mo coating provided better protection to the substrate. Corrosion occurred on
the surface of the coating when corrosion occurred. Local corrosion cracks could be observed, and the
oxygen content in the corrosion products decreased to 8.03 wt.%. After adding duplex nanoparticles,
the number of corrosion products was significantly reduced. This is because the two inert types of
nanoparticles protected the matrix coating. Nanoparticles filled the voids in the matrix coating and
improved the compactness of the coating. The smaller contact area effectively reduced the corrosion
rate. The low content (4.69 wt.%) of oxygen also indicated an improvement in corrosion resistance.

Figure 7d shows the corrosion morphologies of the aluminum foam, the Ni–Mo coating, and the
duplex nanoparticles reinforced Ni–Mo coating deposited at the voltage of 6.0 V after the immersion
test. There are many corrosion pits on the surface of the substrate. The aluminum foam was obviously
corroded because there was no protection of the coatings. The Ni–Mo coating was slightly corroded,
and only a few corrosion products existed. Almost no corrosion was observed on the surface of the
duplex nanoparticles reinforced Ni–Mo coating due to the protection of the nanoparticles.

Table 4 lists the corrosion rates of different samples. Compared with the aluminum alloy matrix,
the corrosion rates of the Ni–Mo coating and the duplex nanoparticles reinforced Ni–Mo coating were
improved by 51.9% and 72.5%, respectively.

Table 4. The corrosion parameters extracted from the polarization curves and weight loss vs. time curves.

Passivation Parameters Substrate Ni–Mo Ni–Mo–SiC–TiN

Potential for primary passivation (Epp, mV) −1130 −905 −829

Breakdown potential (Eb, mV) −653 −605 −554

Corrosion potential (Ecorr, mV) −1160 −937 −866

Corrosion current density (Icorr, A/cm2) 4.48 × 10−5 3.90 × 10−5 2.72 × 10−5

βa (mV/decade) 69.08 47.14 33.32

βc (mV/decade) 25.47 29.88 40.45

Corrosion rate (g/cm2·h) 3.8643 × 10−4 1.8583 × 10−4 1.0643 × 10−4

5. Conclusions

1. A uniform and dense duplex nanoparticles-reinforced Ni–Mo coating with a thickness of 25 μm
was obtained by electroplating on the aluminum foam surface for 10 min at 6.0 V. The bond
between the substrate and the coating was good.

2. The duplex nanoparticles reinforced Ni–Mo coating had a structure of FCC. The crystallite
size of the Ni–Mo coatings was decreased from 13.31 nm to 12.14 nm after adding the duplex
nanoparticles. The results indicate that increasing the electrodeposition time can effectively
enlarge the crystallite size.

3. After the aluminum foams were coated with a duplex nanoparticles-reinforced Ni–Mo coating,
there was a significant improve in the mechanical properties of the aluminum foams. When the
electrodeposition time was 40 min, the Wv of the aluminum foam increased from 0.852 J to 2.520 J,

193



Materials 2019, 12, 3197

and the σs increased from 1.06 MPa to 2.99 MPa. The addition of nanoparticles made a limited
improvement to the mechanical properties.

4. The duplex nanoparticles-reinforced Ni–Mo coating was found to have better corrosion resistance.
Compared to the aluminum foams, the self-corrosion potential, the pitting potential, and the
potential for primary passivation were positively shifted by 294 mV, 99 mV, and 301 mV,
respectively. The corrosion rate of the aluminum foam covered with a Ni–Mo coating was reduced
by 51.9%. After adding nanoparticles, the corrosion rate was reduced by 72.5%. The nanoparticles
obviously improved the corrosion resistance.
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Abstract: In order to study the effect of nano-CeO2 particles doping on the electrochemical corrosion
behavior of pure Ni-Fe-Co-P alloy coating, Ni-Fe-Co-P-CeO2 composite coating is prepared on
the surface of 45 steel by scanning electrodeposition. The morphology, composition, and phase
structure of the composite coating are analyzed by means of scanning electron microscope (SEM),
energy dispersive spectroscopy (EDS), and X-ray diffraction (XRD). The corrosion behavior of the
coatings with different concentrations of nano-CeO2 particles in 50 g/L NaCl solution is studied by
Tafel polarization curve and electrochemical impedance spectroscopy. The corrosion mechanism is
discussed. The experimental results show that the obtained Ni-Fe-Co-P-CeO2 composite coating
is amorphous, and the addition of nano-CeO2 particles increases the mass fraction of P. With the
increase of the concentration of nano-CeO2 particles in the plating solution, the surface flatness of the
coating increases. The surface of Ni-Fe-Co-P-1 g/L CeO2 composite coating is uniform and dense,
and its self-corrosion potential is the most positive; the corrosion current and corrosion rate are the
smallest, and the charge transfer resistance is the largest, showing the best corrosion resistance.

Keywords: scanning electrodeposition; Ni-Fe-Co-P-CeO2 composite coating; electrochemical
corrosion behavior; corrosion mechanism

1. Introduction

Corrosive environments are one of the most common service environments for metal components
in engineering. Due to the high chemical activity of Fe in such environments, the engineering application
of steel components therein is facing severe challenges due to insufficient corrosion resistance [1,2].
Surface modification is one of the most effective ways to solve this problem. The electroplating
process for the preparation of nanocomposites is a process for the co-deposition of nanoparticles and
metal ions on the surface of a cathode workpiece via the electrochemical principle, and a process
to obtain nanocomposites that demonstrate superior performance [3,4]. Scanning electrodeposition
technology, as an extension of electroplating technology, is widely used in machinery, aerospace,
electronics industry, etc., due to its controllability, high efficiency, selectivity, and superior coating
performance [5,6]. In recent years, many scholars have devoted to improving the performance
of traditional nickel-based alloy coatings. Usually, tungsten [7], copper [8], iron [9], cobalt [10],
and other metal ions [11] are introduced into the electrolyte, thereby processing a multi-component
alloy. The multi-component overcomes the shortcomings of unary and binary alloy coatings, and has
good wear resistance and corrosion resistance, which meet the varying performance requirements of
composite materials [12,13].

It has been found in research that the application properties and functions of alloy coating can
be further improved by co-depositing second phase nano-oxide particles in a nickel-based alloy
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coating [14,15]. The rare earth element cerium is the only stable tetravalent element. It has a unique
oxidizing property and a large effective nuclear charge number, which can catalyze many reactions,
and is widely used in various applications. Cerium oxide is a typical rare earth oxide with good wear
resistance and corrosion resistance, and can be used as a nanoparticle reinforcement phase in various
applications [16–18]. In order to further improve the corrosion resistance of traditional nickel-based
coatings, Ni-Fe-Co-P-CeO2 composite coatings are prepared by scanning electrodeposition technology.
The concentration of nano-CeO2 particles in the plating solution is applied to the coating of Ni-Fe-Co-P
alloys. The influence of appearance and structure, and the electrochemical corrosion behavior of
composite coatings, provide a reference for the development of new composite materials.

2. Materials and Methods

2.1. Experimental Principle

The scanning electrodeposition test apparatus is shown in Figure 1, wherein the anode nozzle is
mounted on the machine tool spindle; the workpiece is mounted on the workpiece mounting platform
by tightening the fixing screws. During the scanning electrodeposition process, the anode bed of the
anode nozzle reciprocates in the Y direction, and the water pump presses the plating solution from the
reservoir into the anode nozzle through the inlet tube and sprays it on the surface of the workpiece
at high speed to spray the plating solution in the electrodeposition chamber. The liquid return tube
flows back to the reservoir to realize the circulation of the plating liquid. After the power is turned on,
the plating solution sprayed on the surface of the workpiece through the anode nozzle forms a closed
loop, and under the action of the external electric field, a redox reaction occurs to realize deposition
of metal ions. The scanning length during the test is 20 mm, and the scanning speed is 13.5 mm/s.
The height between the bottom of the anode nozzle and the workpiece processing surface is 1.5 mm.

Figure 1. Scanning electrodeposition test device.

2.2. Materials and Methods

Fourty five steel with dimensions of 25 mm × 10 mm × 8 mm was used as substrate material,
and its chemical composition is listed in Table 1. Table 2 shows the formulation of the plating solution
used. The drugs used are of analytical grade and are prepared with deionized water. The particle
size of the nano-CeO2 particles in the test was 100 nm, and the concentration of nano-CeO2 particles
in the plating solution was 0, 0.5, 1, and 1.5 g/L, respectively. The cathode workpieces are polished
with 800# and 1500# water sandpaper, respectively, and the workpiece is pretreated before scanning
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electrodeposition process; the specific process is shown in the Table 3, after each step is rinsed with
deionized water. The workpiece that has been subjected to the pre-treatment is placed in a spray
electrodeposition test apparatus for a sputtering test. The current during the spray electrodeposition
process is 0.6 A, the pH of the plating solution is 1.0–1.5, the bath temperature is 60 ◦C, and the plating
time is 20 min. After the end of the scanning electrodeposition process, the workpiece was subjected to
ultrasonic cleaning and drying treatment, and performance studies were performed.

Table 1. Chemical composition of 45 steel (mass fraction).

C Si Mn Cr Ni Cu

0.42~0.50% 0.17~0.37% 0.50~0.80% ≤0.25% ≤0.30% ≤0.25%

Table 2. Composition of plating solution.

Plating Solution Composition Content (g/L)

Nickel sulfate hexahydrate (NiSO4·6H2O) 120
Nickel chloride hexahydrate (NiCl2·6H2O) 40

Ferrous sulfate (FeSO4·7H2O) 20
Cobalt chloride (CoCl2·6H2O) 10

Phosphoric acid (H3PO3) 30
Orthoboric acid (H3BO3) 30

Citric acid (C6H8O7) 10
Thiourea (CH4N2S) 0.01

Sodium dodecyl sulfate (C12H25SO4Na) 0.08

Table 3. The process of workpiece pretreatment.

Step Solution Formula Content (g/L) Process Parameters

Electric net degreasing

Sodium hydroxide (NaOH) 25 Current = 1 A
Power-on time = 20 s

pH = 13

Sodium carbonate (Na2CO3) 21
Trisodium phosphate anhydrous

(Na3PO4) 50

Sodium chloride (NaCl) 2

Weak activation
Hydrochloric Acid (HCl) 25 Current = 1 A

Power-on time = 30 s
pH = 0.3Sodium chloride (NaCl) 140

Strong activation

Trisodium citrate dihydrate
(Na3C6H5O7·2H2O) 140 Current = 1 A

Power-on time = 20 s
pH = 4Citric acid (C6H8O7) 94

Nickel chloride hexahydrate
(NiCl2·6H2O) 3

2.3. Characterization

The morphology of the coating was observed by scanning electron microscopy (FEI-SEM, Quanta
FEG250; FEI Instruments, Hillsboro, OR, USA), with an accelerating voltage of 15 kV and image type of
secondary electron image (SEI); the chemical composition of the coating was determinated by energy
dispersive spectroscopy (EDS, XFlash 5030 Bruker AXS, Inc., Berlin, Germany), with an accelerating
voltage of 16 kV and the working distance of 11 mm; the phase structure of the coating was analyzed by
X-ray diffraction (XRD, PANalytical X’pert; PANalytical Inc., Almelo, The Netherlands), with a radiation
source of Cu Kα (λ = 0.15405 nm), operating voltage of 40 kV, scan rate of 5 ◦/min, and scanning range
(2θ) of 10◦ ∼ 80◦, using HighScore Plus 3.0 to analyze the results.

The corrosion resistance of the coating was detected by electrochemical test of the three-electrode
system (Figure 2). The working electrode is the workpiece, and the auxiliary electrode is Pt
piece; the reference electrode is saturated calomel electrode (SCE), and the Tafel polarization curve
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measurement and electrochemical impedance spectroscopy (EIS) are completed by electrochemical
workstation CS350 (Wuhan Corrtest Instruments Corp., Ltd., Wuhan, China). In the test, the workpiece
to be tested was encapsulated with epoxy resin and immersed in a 50 g/L NaCl solution, and the
Tafel polarization curve of the coating was obtained by a potentiodynamic scanning method and then
obtained by polarization curve epitaxy. Corrosion potential, corrosion current, and other parameters
were used to explore the corrosion resistance of the coating and the substrate. Under the open circuit
potential, the impedance spectrum of the coating in NaCl solution was tested by the alternating current
impedance method (EIS). The test frequency was 0.01–105 Hz, and the scanning direction was from
high frequency to low frequency. The impedance fitting of different coatings was performed by Zview
2 software analysis.

Figure 2. Electrochemical detection device schematic.

3. Results

3.1. Coating Morphology Analysis and Composition

The SEM photographs in Figure 3 (image type is SEI) show the surface topography of the composite
coating before corrosion. It can be seen that before the corrosion, the coating structure of different
nano-CeO2 particles is composed of different sizes of cells, the arrangement is tight, and no obvious
defects are found. When the concentration of nano-CeO2 particles is 0 g/L (Figure 3a), the cytoplasm
is a spherical hillock-like structure, but the size difference is large, and there are also defects such as
pores and protrusions. When a small number of nano-CeO2 particles is added to the plating solution
(Figure 3b), the surface flatness of the coating is improved, but the cell structure has partial protrusions,
the boundary is tortuous, and there are some defects such as pores. When the concentration is increased
to 1 g/L (Figure 3c), the surface of the coating is dense and flat, the structure is compact, the cells
are closely arranged, and the boundary is very blurred, and there are no obvious protrusions and
impurity pores. When the concentration of nano-CeO2 particles in the plating solution reaches 1.5 g/L
or more (Figure 3d), the surface morphology of the coating can be seen to have obvious agglomeration,
and the surface of the coating is rough and uneven, with protrusions and defects generated. According
to the analysis, the scanning jet of the plating solution accelerates the ion transport, increases the
limiting current density, and strengthens the cathodic polarization, so that the deposition is performed
at a high flow density [5]. The formation process of the compact nickel-based coating is similar to that
of soil plant growth, and the nano-CeO2 particles dispersed in the plating solution are similar to the
seeds, and are adsorbed on the surface of the substrate by tiny solid particles, because the rare earth
element Ce is the third sub-group element. It has a large effective charge number and exhibits strong
adsorption capacity. It can adsorb Ni2+, Fe2+, Co2+, and other ions [5]. As the deposition progresses,
the seeds gradually grow, forming a cell structure with many different sizes. When the nano-CeO2

particles are excessive, they are excessively adsorbed on the surface of the metal substrate, causing the
surface-active sites of the matrix to be masked and lose their activity, thereby greatly reducing or even
inhibiting the nucleation sites, and uneven nanoparticle agglomerates are deposited on the surface
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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].

10 20 30 40 50 60 70 80

2θ/°

 Ni-Fe-Co-P
 Ni-Fe-Co-P-0.5g/L CeO2

 Ni-Fe-Co-P-1g/L CeO2

 Ni-Fe-Co-P-1.5g/L CeO2Ni(110)

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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