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Abstract: Ni-P-SiC composite coating was prepared on 45 steel surfaces through sandblasting and
scanning electrodeposition to explore the relationship between element penetration region and
composite coating properties. The single-factor control variable method with particle concentration
as the research variable was used. Results showed that with the gradually increasing concentration
of SiC nanoparticles, a trend of first increasing and then gradually decreasing was observed for the
surface and cross-sectional microstructure of the coating, interpenetration ability of the elements,
adhesion performance, and corrosion resistance. The best deposition quality of the coating was
obtained when the concentration of SiC nanoparticles was 3 g·L−1. For cross-sectional microstructure,
the scratch test revealed that the maximum coating thickness was 17.3 µm, the maximum range of
elemental penetration region was 28.39 µm, and the maximum adhesion of the composite coating
was 36.5 N. The electrochemical test showed that the composite coating had a −0.30 V self-corrosion
potential and 8.45 × 10−7 A·cm−2 self-corrosion current density, the slowest corrosion rate. In
addition, the composite coating had the best corrosion resistance and the largest impedance arc
radius corresponding to an equivalent impedance value R2 of 3108 Ω.

Keywords: particle concentration; Ni-P-SiC composite coatings; sandblasting pretreatment;
scanning electrodeposition; wear resistance

1. Introduction

With economic development and technological progress, metal materials with good
strength and stiffness (such as 45 steel) have become important in modern industrial
production [1–4]. However, their high susceptibility to corrosion and chemical reaction
with the media in the air has shortened their life cycle and reduced their quality of use,
which greatly limits their wide application [5–7]. Given that corrosion often occurs on their
surfaces, the protection of metallic materials is currently being enhanced by improving
their surface properties [8–12].

Compared with conventional electrodeposition, scanning electrodeposition is charac-
terized by high speed jet impact and reciprocal cyclic scanning, which accelerate material
transfer, enhance the effect of liquid phase transfer, and ultimately improve the deposition
efficiency of the coating [13–15]. An increased ultimate current density accelerates the nu-
cleation rate, which can promote a uniform and dense coating structure with good surface
morphology and coating properties and thus has gained widespread attention [16–19].
Sandblasting is the most common pretreatment method for metal substrates in the in-
dustrial sector. This simple, efficient, and low-cost process uses compressed air to form
a high-speed jet beam to spray sand particles at high speed onto the substrate surface
to deform it plastically, thereby enhancing the mechanical properties and accelerating
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the deposition rate of the coating [20–24]. Most studies on electrodeposited composite
coatings focused on surface characterization and performance testing such as the influence
of microscopic morphology [25,26], grain structure [27,28], and element distribution [29,30]
on corrosion resistance. Research on sections is only limited to the coating thickness and
cross-sectional microstructure [31–33]; the interplay among coating morphology, element
distribution, adhesion performance, and corrosion resistance is poorly examined.

In this work, on the basis of the commonly used polishing pretreatment, we put
forward the sandblasting pretreatment technology. Based on the commonly used immer-
sion ordinary electrodeposition, we proposed a scanning reciprocating electrodeposition
technique to deposit Ni-base multielement nanoparticle composite coatings. The Ni-P-SiC
composite coating was prepared by sandblasting–scanning electrodeposition on the surface
of 45 steel, and the concentration of SiC nanoparticles was set to 0, 1, 2, 3, 4, and 5 g·L−1.
The effect of nanoparticle concentration on the surface morphology and cross-sectional
microstructure of the scanning electrodeposited composite coatings were studied. The
influence of different nanoparticle concentrations on the penetration of elements between
the coating and substrate was also analyzed, and the effect of nanoparticles on the adhesion
performance and corrosion resistance of the coating was explored. This research provides
a theoretical reference for the elemental penetration and surface properties of scanning
electrodeposited composite coatings.

2. Experiment
2.1. Experimental Procedures

Figure 1a,b shows the experimental procedures and sandblasting pre-treatment device,
respectively. The test uses a pressure fed box type sandblasting device manufactured by
Shanghai Liangshi Spraying Equipment Co. (Shanghai, China). The power source of the
sandblasting device is the compressed air produced by the screw air compressor, and the
working pressure is generated by the compressed air in the pressure tank. The available
sand grains pass through the sandblasting tube from the sand valve and are finally sprayed
from the gun to the substrate surface to achieve the desired sandblasting effect. The ejected
sand grains eventually flow back into the sand grain recycler device, and the resulting
impurity dust is sucked into the dust collector to be purified into clean air for environmental
protection purposes [21]. Figure 1b shows the scanning electrodeposition device. In this
test, the anode nozzle was fixed to the machine and moved reciprocally with the numerical
control machine spindle during scanning electrodeposition, and the cathode workpiece
was fixed to the workpiece mounting platform. The plating solution was placed in a beaker
and scanned from the nozzle through the inlet tube and sprayed onto the substrate surface
and then from the deposition chamber through the outlet tube into the beaker. Finally, the
coating was formed on the surface of the 45 steel substrate and gradually grew under the
electric field.
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2.2. Preparation of Workpiece and Coatings

The substrate material was 45 steel [16] with a specification of 25 mm × 10 mm × 8 mm
and produced by Beijing Huawei Rui Ke Chemical Co., Ltd (Beijing, China). The main
composition of 45 steel is Fe (elemental iron), and the composition of the remaining minor
elements is shown in Table 1.

Table 1. The 45 steel small amount of chemical element composition (wt. %).

Element C Si Mn Cr Ni Cu

content 0.42–0.50 0.17–0.37 0.50–0.80 ≤0.25 ≤0.30 ≤0.25

Prior to sandblasting pretreatment for the surface of the 45 steel substrate, a metal-
lographic specimen grinding and polishing machine was used for polishing and #320,
#800, and #1500 water sandpaper for mechanical grinding and polishing [23]. Sandblasting
pretreatment parameters are shown in Table 2. The sandblasting grit is a mixture of sand
(emery, copper ore sand, quartz sand, iron sand, and Hainan sand).

Table 2. Sandblasting pretreatment parameters.

Sandblasting Parameters Content/(g·L−1)

Sand size 80 mesh number
Sandblasting pressure 0.7 MPa
Sandblasting distance 15 cm

Sandblasting time 20 s
Sandblasting angle 90◦

Prior to the preparation of the composite coating through scanning electrodeposition,
electro-cleaning degreasing and activation treatment is required [18] and can be divided
into three steps: electro-cleaning degreasing, anode activation, and pre-nickel coating.
The solution formulation in this test is shown in Table 3. This process aims to remove
residual oil and emery particles, remove the Fe2O3 oxide film from the surface of the
workpiece, pre-plate a nickel film to prevent oxidation, and ultimately facilitate scanning
electrodeposition.

Table 3. Electric oil removal and activation solution composition.

Step Content/(g·L−1)

electro-cleaning degreasing NaOH 25.0 g·L−1, NaCO3 21.7 g·L−1, Na3PO4
50.0 g·L−1, NaCl 2.1 g·L−1, pH = 13

anode activation HCl 25 g·L−1, NaCl 140.1 g·L−1, pH = 0.3

pre-nickel coating Na3C6H5O7·2H2O 141.2 g·L−1, H3C6H5O7·H2O
94.3 g·L−1, NiCl2·6H2O 3.0 g·L−1, pH = 4

The composition of the plating solution configured for the scanning electrodeposition
test is shown in Table 4. The reagents used in the test were of analytical grade purity,
and the solution was prepared with deionized water. After the deionized water was
added, the solution was initially dissolved by hand stirring and then placed in a magnetic
stirrer for full dissolution at a temperature of 60 ◦C, magnetic speed of 800 rpm, and
stirring time of 1 h. Magnetic stirring ensures the adequate dispersion of nanoparticles,
reduces nanoparticle agglomeration, and promotes the uniform and adequate dissolution
of reagents and nanoparticles. During preparation, the current was adjusted to a constant
0.6 A, and the water bath was heated to a constant temperature of 60 ◦C. The samples were
ultrasonically cleaned and dried after preparation and then post-treated (wire cutting and
inlay) for characterization and performance testing.
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Table 4. Composition of the plating solution.

Compositions Content/(g·L−1) Producer Effect

NiSO4·6H2O 200 Shanghai Jingchun Biochemical
Technology Co. Ltd, Shanghai, China The main source of Ni2+

NiCl2·6H2O 30 Shanghai Jingchun Biochemical
Technology Co. Ltd, Shanghai, China Anode activator

H3PO3 20 Shanghai Jingchun Biochemical
Technology Co. Ltd, Shanghai, China Provide P atoms in the coating

H3BO3 30 Shanghai Jingchun Biochemical
Technology Co. Ltd, Shanghai, China Adjust the pH value of the bath

C6H8O7 60 Shanghai Jingchun Biochemical
Technology Co. Ltd, Shanghai, China

Accelerate deposition rate
and stability

C12H25SO4Na 0.08 Shanghai McLean Biochemical
Technology Co. Ltd, Shanghai, China

Increase the amount of SiC
nanoparticles suspended in

the solution

CH4N2S 0.01 Shanghai McLean Biochemical
Technology Co. Ltd, Shanghai, China Reduced hydrogen evolution

SiC (SiliPn carbide) 0 g·L−1, 1 g·L−1, 2 g·L−1,
3 g·L−1, 4 g·L−1, 5 g·L−1

Shanghai Jingchun Biochemical
Technology Co. Ltd, Shanghai, China

Preparation of
composite coatings

2.3. Instruments and Characterization

Field emission scanning electron microscope (FEI-SEM, Quanta FEG250; FEI Instru-
ments, OR, USA) was used to characterize the microscopic and cross-sectional microstruc-
ture of the plated surfaces. A secondary electron image type with an accelerating volt-
age of 3–15 KV, a scanning speed of 20 µs, and minimum/maximum magnification of
100×/30,000× was used for the observation. Section elemental composition was charac-
terized using an EDS energy spectrum analyzer (XFlash Detector 5030; BrukerAXS, Inc.,
Berlin, Germany). Elemental composition was analyzed using elemental line scanning
following the direction of the electron beam on the surface of the test sample from the
coating to the substrate in a selected area to obtain a linear image of the elemental content
variation. Coating adhesion was characterized using the friction method and a coating
adhesion automatic scratch tester (WS-2005, Lanzhou Zhongke Kaihua Technology De-
velopment Co. Ltd., Lanzhou, China) with a load of 40 N and a scratch length of 3 mm.
Electrochemical corrosion was tested using a CS350 electrochemical workstation (Wuhan
Corrtest Instruments, Wuhan, China) with 3.5% NaCl solution as a corrosion medium in a
scan range of −1 to 1.5 V and a scan rate of 0.5 mV·s−1.

3. Result and Discussion
3.1. Characterization of Coating Morphology
3.1.1. Coating Surface Morphology

Figure 2 shows the surface morphologies of the composite coatings with different
particle concentrations prepared on 45 steel substrates through scanning electrodeposition.
Figure 2a shows that when the concentration of SiC nanoparticles was 0 g·L−1, the surface
of the Ni-P coating has a cytosolic protruding structure with large size and no defects on
the surface (area A in Figure 2a). This finding indicates that the scanning electrodeposition
technique makes the coating surface dense by increasing the current density. Figure 2b
illustrates that when the concentration of SiC nanoparticles was 1 g·L−1, the Ni-P-SiC
coating shows a relatively large cytosolic structure (area B in Figure 2b) because the SiC
nanoparticles increase the polarization potential of the cathode and reduce the overpo-
tential of metal nucleation, thereby promoting nucleus formation in the Ni-P coating and
increasing the cytosolic structure of the nuclei [32]. However, the distribution is not uni-
form in the composite coating due to the low concentration of SiC nanoparticles, leading to
the formation of microcracks on the stress-unconcentrated surface. Figure 2c illustrates that
when the concentration of SiC nanoparticles was 2 g·L−1, the Ni-P-SiC coating shows fine
cell-like structures (area C in Figure 2c) attributed to the increase in nickel crystal nucleation
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and growth sites with the increasing SiC nanoparticle concentration. In addition, the SiC
nanoparticles further inhibit the growth of the coating grains and refine the cell structure.
Figure 2d shows that when the concentration of SiC nanoparticles was 3 g·L−1, many
cell-like structures are formed on the surface of the Ni-P-SiC coating. The cell structure
is diversified, the coating is deposited intact without defects, and the surface is dense
(area D in Figure 2d). The use of the optimum concentration of SiC nanoparticles, which
act as active nucleation sites that are uniformly distributed on the surface of the composite
coating, form small-sized cell structures at the cellular protrusions [34]. Figure 2e shows
that when the concentration of SiC nanoparticles was 4 g·L−1, the surface cell structure of
the Ni-P-SiC coating is reduced, and crystal precipitation occurs at the boundary between
the cell structures (area E in Figure 2e). At this concentration, the nanoparticles exceed the
degree of compounding of the coating and thus fail to uniformly disperse. The excessive
grain refinement at the boundary of the cell structures leads to squeezing, overstress, and
eventually to grain precipitation. Figure 2f shows that when the concentration of SiC
nanoparticles was 5 g·L−1, agglomeration and porosity appeared on the surface of the
Ni-P-SiC coating (area F in Figure 2f). The excessive nanoparticles reduce the current
efficiency, resulting in the formation of enormous surface energy during deposition and
the agglomeration of particles on the surface of the coating that are not well embedded.
During the co-deposition of Ni-P cells and SiC nanoparticles, the concentration of particles
was extremely large, leading to an increase in the viscosity of the plating solution and the
failure of the cells to grow completely dense. When coupled with excessive internal stress,
this phenomenon results in crystal precipitation and porosity.

3.1.2. Microscopic Morphology and Element Analysis of the Coating Section

Figure 3 shows the cross-sectional microstructure of the prepared composite coating.
Figure 3a displays that when the concentration of SiC nanoparticles was 0 g·L−1, the Ni-P
coating section is dense; however, fine pores appeared when deposited at the substrate
crater, indicating that the Ni-P coating failed to thoroughly adhere onto the substrate. In
addition, the coating thickness was 16.7 µm. Figure 3b shows that when the concentration of
SiC nanoparticles was 1 g·L−1, the Ni-P-SiC coating adheres closely to the rough substrate,
the pits are filled intact, and defects such as pores disappear. The coating thickness
was 11.5 µm, which was lower than that for the coating without nanoparticles. This
concentration was extremely low and contained a small amount of nanoparticles that
could not be well dispersed in the composite coating. Nanoparticles can promote the
formation of nuclei on the surface of the substrate, but their uneven distribution hinders
the continuous growth of the coating during deposition due to internal stress. Figure 3c
shows that when the concentration of SiC nanoparticles was 2 g·L−1, the adhesion degree
of the Ni-P-SiC coating to the rough substrate increased, and the surface fluctuations of
the coating remained consistent with those of the substrate. No defects such as cracks
were found in the coating. The coating thickness was 13.6 µm, indicating that the coating
thickness increased with the concentration of SiC nanoparticles. When the concentration of
nanoparticles increased, the nanoparticles gradually and evenly distributed in the coating,
thus promoting nucleation and growth points of the crystalline cells and prompting further
growth in the coating thickness. Figure 3d shows that the edge undulations of the coating
section were reduced, and the flatness of the coating surface was improved. The maximum
coating thickness of 17.3 µm was obtained. Due to the uniform distribution of nanoparticles
in the coating and the fastest nucleation and growth rate of the crystalline cells, the build-
up of internal stresses was reduced during the growth of the coating; this phenomenon
contributes to the uniform and rapid growth of the coating [35]. Figure 3e shows that
when the concentration of SiC nanoparticles was 4 g·L−1, the denseness and adhesion
degree of the Ni-P-SiC coating to the rough substrate decreased. When the concentration of
particles continued to increase, the coating had excessive nucleation points that reduced the
current efficiency and affected the deposition of the coating and the coating thickness was
reduced to 14.5 µm. When the current efficiency decreased, the coating was deposited less
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effectively, the cells did not grow intact, and the growth rate slowed down, thus eventually
leading to a reduction in the coating thickness. Figure 3f shows that when the concentration
of SiC nanoparticles was 5 g·L−1, the adhesion degree of the Ni-P-SiC coating to the rough
substrate further decreased, the quality of the coating section decreased, and defects such as
holes and cracks appeared between the coatings. The coating thickness was further reduced
to 13.1 µm. With further increase in particle concentration, the excess SiC nanoparticles
agglomerated and further reduced the current efficiency, hydrogen precipitation, and
oxygen absorption during deposition. This phenomenon results in uneven cell structure
during growth and excessive internal stresses, which causes the generation of defects
in the coating. In addition, the excessive agglomeration of particles decreases electrical
conductivity, which slows down the growth rate of the grains and reduces the growing
coating thickness.

Coatings 2021, 11, x FOR PEER REVIEW 6 of 21 
 

 

Figure 2. Surface morphologies of the composite coatings with different particle concentrations 
((a) 0, (b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 g·L−1) prepared on 45 steel substrates through scanning elec-
trodeposition. 

3.1.2. Microscopic Morphology and Element Analysis of the Coating Section 
Figure 3 shows the cross-sectional microstructure of the prepared composite coating. 

Figure 3a displays that when the concentration of SiC nanoparticles was 0 g·L−1, the Ni–P 
coating section is dense; however, fine pores appeared when deposited at the substrate 
crater, indicating that the Ni–P coating failed to thoroughly adhere onto the substrate. In 
addition, the coating thickness was 16.7 μm. Figure 3b shows that when the concentration 
of SiC nanoparticles was 1 g·L−1, the Ni–P–SiC coating adheres closely to the rough sub-
strate, the pits are filled intact, and defects such as pores disappear. The coating thickness 
was 11.5 μm, which was lower than that for the coating without nanoparticles. This con-
centration was extremely low and contained a small amount of nanoparticles that could 
not be well dispersed in the composite coating. Nanoparticles can promote the formation 
of nuclei on the surface of the substrate, but their uneven distribution hinders the contin-
uous growth of the coating during deposition due to internal stress. Figure 3c shows that 
when the concentration of SiC nanoparticles was 2 g·L−1, the adhesion degree of the Ni–
P–SiC coating to the rough substrate increased, and the surface fluctuations of the coating 
remained consistent with those of the substrate. No defects such as cracks were found in 

Figure 2. Surface morphologies of the composite coatings with different particle concentrations
((a) 0, (b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 g·L−1) prepared on 45 steel substrates through scanning
electrodeposition.



Coatings 2021, 11, 1237 7 of 20

Coatings 2021, 11, x FOR PEER REVIEW 7 of 21 
 

 

the coating. The coating thickness was 13.6 μm, indicating that the coating thickness in-
creased with the concentration of SiC nanoparticles. When the concentration of nanopar-
ticles increased, the nanoparticles gradually and evenly distributed in the coating, thus 
promoting nucleation and growth points of the crystalline cells and prompting further 
growth in the coating thickness. Figure 3d shows that the edge undulations of the coating 
section were reduced, and the flatness of the coating surface was improved. The maxi-
mum coating thickness of 17.3 μm was obtained. Due to the uniform distribution of na-
noparticles in the coating and the fastest nucleation and growth rate of the crystalline cells, 
the build-up of internal stresses was reduced during the growth of the coating; this phe-
nomenon contributes to the uniform and rapid growth of the coating [35]. Figure 3e shows 
that when the concentration of SiC nanoparticles was 4 g·L−1, the denseness and adhesion 
degree of the Ni–P–SiC coating to the rough substrate decreased. When the concentration 
of particles continued to increase, the coating had excessive nucleation points that reduced 
the current efficiency and affected the deposition of the coating and the coating thickness 
was reduced to 14.5 μm. When the current efficiency decreased, the coating was deposited 
less effectively, the cells did not grow intact, and the growth rate slowed down, thus even-
tually leading to a reduction in the coating thickness. Figure 3f shows that when the con-
centration of SiC nanoparticles was 5 g·L−1, the adhesion degree of the Ni–P–SiC coating 
to the rough substrate further decreased, the quality of the coating section decreased, and 
defects such as holes and cracks appeared between the coatings. The coating thickness 
was further reduced to 13.1 μm. With further increase in particle concentration, the excess 
SiC nanoparticles agglomerated and further reduced the current efficiency, hydrogen pre-
cipitation, and oxygen absorption during deposition. This phenomenon results in uneven 
cell structure during growth and excessive internal stresses, which causes the generation 
of defects in the coating. In addition, the excessive agglomeration of particles decreases 
electrical conductivity, which slows down the growth rate of the grains and reduces the 
growing coating thickness. 

Coatings 2021, 11, x FOR PEER REVIEW 8 of 21 
 

 

Figure 3. Cross-sectional microstructure of the composite coatings with different particle concentra-
tions ((a) 0, (b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 g·L−1) prepared on 45 steel substrates through scanning 
electrodeposition. 

The elemental scanning results of the composite coating section are shown in Figure 4. 
The addition of SiC nanoparticles promotes the elemental penetration between the coating 
and elements. The orientation of the elemental penetration region gradually increases and 
then decreases with the increase in nanoparticle concentration, with the maximum ele-
mental penetration region of 28.39 μm found at a particle concentration of 3 g·L−1. When 
the concentration of particles increases, the distribution of nanoparticles in the coating 
gradually becomes uniform. Hence, the cell structure becomes refined, the internal stress 
of the coating is reduced, the current efficiency during deposition gradually increases, the 
nucleation points proliferate, and the growth rate of the cells is accelerated. The uni-
formity of the cell growth structure is enhanced, the penetration and diffusion of elements 
between the interfaces are promoted, and the adhesion of the coating to the substrate is 
improved. When the concentration of particles exceeds 3 g·L−1 and continues to increase, 
the nanoparticles agglomerate and create excessive nucleation points and internal stress 
during growth. Hence, defects such as pores and cracks appear in the coating section. In 
addition, excessive particles reduce conductivity efficiency, inhibit cell growth, create an 
unevenly distributed cell structure, and eventually hinder the penetration of elements be-
tween the coating and substrate. As a result, the area of elemental penetration is reduced. 
With the addition of nanoparticles, the trend of the section thickness of the plated layer is 
in agreement with that of the elemental penetration region, indicating that the increase in 
the coating thickness promotes elemental penetration to a certain extent. 

Figure 3. Cross-sectional microstructure of the composite coatings with different particle concentra-
tions ((a) 0, (b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 g·L−1) prepared on 45 steel substrates through scanning
electrodeposition.

The elemental scanning results of the composite coating section are shown in Figure 4.
The addition of SiC nanoparticles promotes the elemental penetration between the coating
and elements. The orientation of the elemental penetration region gradually increases
and then decreases with the increase in nanoparticle concentration, with the maximum
elemental penetration region of 28.39 µm found at a particle concentration of 3 g·L−1. When
the concentration of particles increases, the distribution of nanoparticles in the coating
gradually becomes uniform. Hence, the cell structure becomes refined, the internal stress
of the coating is reduced, the current efficiency during deposition gradually increases,
the nucleation points proliferate, and the growth rate of the cells is accelerated. The
uniformity of the cell growth structure is enhanced, the penetration and diffusion of
elements between the interfaces are promoted, and the adhesion of the coating to the
substrate is improved. When the concentration of particles exceeds 3 g·L−1 and continues
to increase, the nanoparticles agglomerate and create excessive nucleation points and
internal stress during growth. Hence, defects such as pores and cracks appear in the
coating section. In addition, excessive particles reduce conductivity efficiency, inhibit cell
growth, create an unevenly distributed cell structure, and eventually hinder the penetration
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of elements between the coating and substrate. As a result, the area of elemental penetration
is reduced. With the addition of nanoparticles, the trend of the section thickness of the
plated layer is in agreement with that of the elemental penetration region, indicating that
the increase in the coating thickness promotes elemental penetration to a certain extent.
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Figure 4. Coating section elemental scanning results of composite coatings with different particle
concentrations ((a) 0, (b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 g·L−1) prepared on 45 steel substrates through
scanning electrodeposition.

3.1.3. Schematic of Element Penetration Mechanism

Figure 5 shows the change curve of particle concentration and composite coating
thickness, and Figure 6 presents the diagram of the elemental penetration mechanism
of the prepared composite coatings. When the concentration of SiC nanoparticles was
0 g·L−1, the surface of the prepared Ni-P coating has cell-like protruding structures of
large size with no defects. The coating section is relatively dense, but fine pores appear
when deposited in the substrate crater. In addition, the coating is not well attached to
the substrate, and the elemental penetration diffusion between the attached interfaces is
weak. When the concentration of SiC nanoparticles was 1 g·L−1, the nanoparticles increase
the polarization potential of the cathode, lower the overpotential of metal nucleation, and
promote the formation of nuclei in the coating and the cell-like structure of nuclei. The
coating adheres closely to the rough substrate, the pits are filled and intact, and defects
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such as pores disappear. However, the concentration of nanoparticles was extremely low,
and the small amount of nanoparticles are not well dispersed in the composite coating.
This phenomenon results in the uneven distribution of internal stresses, which hinders the
growth of the coating and reduces its thickness. The addition of nanoparticles increases
the grain nucleation points, which in turn promote the enhancement of the elemental
permeability between the coating and substrate. When the concentration of SiC nanopar-
ticles was 2 g·L−1, the increase in nanoparticle concentration drives the nucleation and
growth points of nickel crystals, inhibits the growth of coating grains, and refines the
cell structure. The adhesion degree between the coating and rough substrate is enhanced
and the coating is free from defects such as cracks. The gradual and uniform distribution
of nanoparticles in the coating promotes the increase in nucleation and growth points
of the crystals, contributing to the further growth of the coating thickness and the en-
hanced ability of the elements to penetrate and diffuse. When the concentration of SiC
nanoparticles was 3 g·L−1, many cell-like structures are formed on the coating surface,
the cell structure becomes highly diversified, the coating is deposited and intact without
defects, and the surface is dense. The nanoparticles are evenly distributed in the coating
to the best extent, and the nucleation and growth rate of the cells are the fastest. Hence,
the accumulation of internal stresses during growth is slowed down, thus allowing the
coating to grow uniformly and rapidly. When the concentration of SiC nanoparticles was
4 g·L−1, the degree of compounding of the coating is exceeded, and the nanoparticles
are not uniformly dispersed. This phenomenon results in excessive grain refinement at
the boundary of the cell structure and leads to extrusion between grains, excessive stress,
and grain precipitation. When the concentration of particles continues to increase, the
coating has excessive nucleation points, which reduce the current efficiency and affect the
deposition of the coating. Hence, coating thickness is reduced. Some of the agglomerated
nanoparticles prevent the coating from being completely deposited and attached to the
substrate surface. This incomplete deposition reduces elemental penetration and shrinks
the elemental penetration region. When the concentration of SiC nanoparticles was 5 g·L−1,
the excessive nanoparticles reduce the current efficiency, resulting in excessive surface
energy during deposition and particle agglomeration on the coating surface, which is not
well embedded in the composite coating. The adhesion degree of the coating to the rough
substrate is further reduced, and the quality of the coating section decreases. Excessive
particle agglomeration decreases electrical conductivity, slows the growth rate of the grains,
and reduces the growth coating thickness. In addition, the excessive internal stress causes
defects such as pores and cracks in the coating, and the uneven growth of the cell structure
hinders the mutual penetration and diffusion of elements between the interfaces, thereby
reducing the region of elemental penetration.

Coatings 2021, 11, x FOR PEER REVIEW 10 of 21 
 

 

dense. The nanoparticles are evenly distributed in the coating to the best extent, and the 
nucleation and growth rate of the cells are the fastest. Hence, the accumulation of internal 
stresses during growth is slowed down, thus allowing the coating to grow uniformly and 
rapidly. When the concentration of SiC nanoparticles was 4 g·L−1, the degree of com-
pounding of the coating is exceeded, and the nanoparticles are not uniformly dispersed. 
This phenomenon results in excessive grain refinement at the boundary of the cell struc-
ture and leads to extrusion between grains, excessive stress, and grain precipitation. When 
the concentration of particles continues to increase, the coating has excessive nucleation 
points, which reduce the current efficiency and affect the deposition of the coating. Hence, 
coating thickness is reduced. Some of the agglomerated nanoparticles prevent the coating 
from being completely deposited and attached to the substrate surface. This incomplete 
deposition reduces elemental penetration and shrinks the elemental penetration region. 
When the concentration of SiC nanoparticles was 5 g·L−1, the excessive nanoparticles re-
duce the current efficiency, resulting in excessive surface energy during deposition and 
particle agglomeration on the coating surface, which is not well embedded in the compo-
site coating. The adhesion degree of the coating to the rough substrate is further reduced, 
and the quality of the coating section decreases. Excessive particle agglomeration de-
creases electrical conductivity, slows the growth rate of the grains, and reduces the growth 
coating thickness. In addition, the excessive internal stress causes defects such as pores 
and cracks in the coating, and the uneven growth of the cell structure hinders the mutual 
penetration and diffusion of elements between the interfaces, thereby reducing the region 
of elemental penetration. 

0 1 2 3 4 5
0

5

10

15

20

Particle concentration g⋅L−1

Co
at

in
g 

th
ic

kn
es

s /
μm

 
Figure 5. Curve of particle concentration and thickness of the composite coating. Figure 5. Curve of particle concentration and thickness of the composite coating.



Coatings 2021, 11, 1237 10 of 20Coatings 2021, 11, x FOR PEER REVIEW 11 of 21 
 

 

 
Figure 6. Schematic of the elemental penetration mechanism of the composite coatings with differ-
ent particle concentrations prepared on 45 steel substrates through scanning electrodeposition. 

3.2. Characterization of Coating Performance 
3.2.1. Adhesion Performance 

Figure 7 shows the adhesion of composite coatings with different particle concentra-
tions prepared on 45 steel substrates through scanning electrodeposition, and Figure 8 
illustrates their scratch morphologies. Figure 8a shows that when the particle concentra-
tion is 0 g·L−1, slight cracks appeared on the scratched surface and the coating adhesion 
was 33.8 N. Figure 8b shows that when the concentration of particles is 1 g·L−1, the scratch 
surface showed cracks, dense cracks, and peeling, and the coating adhesion was 22.55 N. 
The addition of nanoparticles increased the nucleation point of the coating and enlarged 
the elemental penetration region between the coating and substrate. However, because 
the particles were not evenly dispersed in the composite coating, the internal stress distri-
bution was uneven, and the coating thickness was reduced. When the coating was 
scratched and squeezed, the adhesion degree between the coating and substrate was re-
duced, and the coating adhesion was reduced. When the load increased, the quality of the 
coating surface deposition decreased, and cracks and coating peeling occurred. Figure 8c 
shows that when the particle concentration is 2 g·L−1, the number of cracks on the 
scratched surface decreased, but coating peeling still existed, and the coating adhesion 
was 31.9 N. The gradual increase in nanoparticles refined the cell size, increased the nu-
cleation point and coating thickness, expanded the region of elemental penetration, and 
increased the adhesion of the coating to the substrate. In addition, the distribution in the 
coating becomes uniform, the surface quality of the coating is improved, and the coating 
breaks less after being extruded. Figure 8d shows that when the concentration of particles 
is 3 g·L−1, the number of cracks on the scratched surface was reduced, no peeling of the 
coating occurred, and the coating adhesion was 36.5 N. When the concentration of added 
nanoparticles was 3 g·L−1, the surface quality of the coating was the best, and the coating 
was less likely to crack when compressed downward by the thimble squeeze. In addition, 
the nanoparticles were evenly distributed in the coating, and the adhesion degree between 
the substrate and coating, the coating thickness, the region of elemental penetration be-
tween the coating and substrate, and the adhesion force were the largest. Hence, the coat-
ing was not easily separated from the substrate when subjected to extrusion. Figure 8e 
shows that when the concentration of particles is 4 g·L−1, cracks and coating peeling ap-
peared again on the scratched surface, and the coating adhesion was 32.8 N. When the 

Figure 6. Schematic of the elemental penetration mechanism of the composite coatings with different
particle concentrations prepared on 45 steel substrates through scanning electrodeposition.

3.2. Characterization of Coating Performance
3.2.1. Adhesion Performance

Figure 7 shows the adhesion of composite coatings with different particle concentra-
tions prepared on 45 steel substrates through scanning electrodeposition, and Figure 8
illustrates their scratch morphologies. Figure 8a shows that when the particle concentration
is 0 g·L−1, slight cracks appeared on the scratched surface and the coating adhesion was
33.8 N. Figure 8b shows that when the concentration of particles is 1 g·L−1, the scratch
surface showed cracks, dense cracks, and peeling, and the coating adhesion was 22.55 N.
The addition of nanoparticles increased the nucleation point of the coating and enlarged
the elemental penetration region between the coating and substrate. However, because the
particles were not evenly dispersed in the composite coating, the internal stress distribution
was uneven, and the coating thickness was reduced. When the coating was scratched
and squeezed, the adhesion degree between the coating and substrate was reduced, and
the coating adhesion was reduced. When the load increased, the quality of the coating
surface deposition decreased, and cracks and coating peeling occurred. Figure 8c shows
that when the particle concentration is 2 g·L−1, the number of cracks on the scratched
surface decreased, but coating peeling still existed, and the coating adhesion was 31.9 N.
The gradual increase in nanoparticles refined the cell size, increased the nucleation point
and coating thickness, expanded the region of elemental penetration, and increased the
adhesion of the coating to the substrate. In addition, the distribution in the coating becomes
uniform, the surface quality of the coating is improved, and the coating breaks less after
being extruded. Figure 8d shows that when the concentration of particles is 3 g·L−1, the
number of cracks on the scratched surface was reduced, no peeling of the coating occurred,
and the coating adhesion was 36.5 N. When the concentration of added nanoparticles was
3 g·L−1, the surface quality of the coating was the best, and the coating was less likely to
crack when compressed downward by the thimble squeeze. In addition, the nanoparticles
were evenly distributed in the coating, and the adhesion degree between the substrate and
coating, the coating thickness, the region of elemental penetration between the coating
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and substrate, and the adhesion force were the largest. Hence, the coating was not easily
separated from the substrate when subjected to extrusion. Figure 8e shows that when the
concentration of particles is 4 g·L−1, cracks and coating peeling appeared again on the
scratched surface, and the coating adhesion was 32.8 N. When the particle concentration
continues to increase, the high concentration leads to grain precipitation, which reduces the
surface and cross-sectional microstructure and makes the coating susceptible to cracking
and peeling when squeezed [35]. Excessive nanoparticles reduce the current efficiency,
resulting in a decrease in the coating thickness and the range of elemental penetration.
Hence, the coating failed to adhere well to the substrate, and the adhesion decreased.
Figure 8f shows that when the particle concentration is 5 g·L−1, the surface cracking and
coating peeling on the scratched surface increased, cracks started to appear at the less
loaded locations, and the coating adhesion was 29.15 N. When the particle concentration
further increased, the surface quality of the coating further deteriorated, and defects such
as pores and cracks appeared, making the coating highly susceptible to damage when
squeezed. Particle agglomeration slows down the growth rate of the coating and further
reduces the coating thickness and the extent of elemental penetration, resulting in the low
adhesion of the coating to the substrate.
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Figure 9 shows the schematic of the adhesion mechanism based on element penetration
for the prepared composite coatings. When the particle concentration is 0 g·L−1, slight
cracks appeared on the scratched surface. When the particle concentration is 1 g·L−1, the
nanoparticles enhanced the penetration and diffusion ability of the elements at the interface
between the plating layer and substrate and their adhesion performance to a certain extent.
However, due to the low particle concentration, the deposition distribution in the composite
plating layer was not uniform, and the thickness, adhesion ability, and adhesion force of the
plating layer decreased. In addition, the scratched surface showed cracks and peeling of
the plating. When the concentration of particles increased, the nucleation point of the cell
increased, prompting the coating thickness to increase and the elemental penetration region
between the coating and substrate to expand, thus increasing the adhesion of the coating.
The uniform distribution of nanoparticles in the plating layer improves the surface quality
of the plating layer and prevents the formation of defects such as chipping and peeling
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on the scratched surface when subjected to thimble extrusion. When the concentration
of nanoparticles was 3 g·L−1, the coating adhesion was the greatest, the surface quality
of the scratch was the best, and only some micro cracks appeared on the scratch surface
after being squeezed. When the concentration of nanoparticles continued to increase, the
agglomerated particles created excessive internal stress, which reduced the surface quality
and caused defects such as cracking and flaking when the plating was extruded. Hence,
the thickness of the plating and the range of elemental penetration were reduced, which
eventually lead to a decreased plating adhesion.
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Figure 9. Schematic of the adhesion mechanism based on element penetration for the composite
coatings with different particle concentrations prepared on 45 steel substrates through scanning
electrodeposition.

3.2.2. Corrosion Resistance

Figure 10 shows the potential polarization curves of the prepared coatings, and Table 5
lists each corrosion electrochemical parameter.
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Table 5. Corrosion electrochemistry parameters of coatings with different particle concentrations
prepared on 45 steel substrates through scanning electrodeposition.

Samples Ecorr (V) Icorr (A·cm−2) Corrosion Rate (mm/a)

0 g·L−1 −0.41 6.06 × 10−6 0.073395
1 g·L−1 −0.62 2.20 × 10−5 0.19241
2 g·L−1 −0.44 4.55 × 10−6 0.09981
3 g·L−1 −0.30 8.45 × 10−7 0.041128
4 g·L−1 −0.38 1.47 × 10−6 0.062861
5 g·L−1 −0.53 1.65 × 10−5 0.14399

Figure 10 and Table 5 show that when the concentration of SiC nanoparticles was
0 g·L−1, the self-corrosion potential of the Ni-P coating was −0.41 V, the self-corrosion
current density was 6.06 × 10−6 A·cm−2, and the corrosion rate was 0.073395. As a
protective film, the Ni-P coating has a corrosion protection effect on the 45-gauge steel
substrate. When the concentration of SiC nanoparticles was 1 g·L−1, the self-corrosion
potential of Ni-P-SiC composite coating was −0.62 V, the self-corrosion current density was
2.20 × 10−5 A·cm−2, and the corrosion rate was 0.19241. These findings indicate that the
corrosion resistance of the coating decreased, and the corrosion rate accelerated. When the
nanoparticle concentration was low, the internal stress distribution was uneven, resulting
in a small coating thickness. Although the elemental penetration region could enhance the
corrosion resistance, the effect was minimal. The adhesion degree of the coating was low,
and the corrosive medium easily penetrated the thin coating to erode into the substrate,
thereby reducing the corrosion resistance of the coating. When the concentration of SiC
nanoparticles was 2 g·L−1, the self-corrosion potential of the Ni-P-SiC composite coating
was −0.44 V, the self-corrosion current density was 4.55 × 10−6 A·cm−2, and the corrosion
rate slowed down. When the nanoparticles gradually increased, the nanoparticles were
gradually distributed evenly in the coating, which promoted the growth of the coating,
widened the elemental penetration region, and enhanced the coating adhesion performance.
Hence, the coating protection against corrosive media enhanced the corrosion resistance of
the coating. When the concentration of SiC nanoparticles was 3 g·L−1, the self-corrosion
potential of the Ni-P-SiC composite coating was −0.30 V, the self-corrosion current density
was 8.45 × 10−7 A·cm−2, the corrosion rate was the slowest, and the corrosion resistance
was the best. At this time, the concentration of nanoparticles was the best, the degree
of grain refinement was the highest, the distribution inside the coating was uniform,
and the coating thickness and the elemental penetration region were the largest. The
coating adhered to the substrate to the best extent, thus effectively blocking the invasion
of corrosive media and showed the best corrosion resistance. When the concentration
of SiC nanoparticles was 4 g·L−1, the self-corrosion potential of the Ni-P-SiC composite
coating was −0.38 V, the self-corrosion current density was 1.47 × 10−6 A·cm−2, and the
corrosion rate was accelerated. When the concentration of nanoparticles further increased,
the denseness of the coating decreased, grain precipitation occurred on the surface, and
the coating thickness, the range of elemental penetration, and the adhesion degree of the
coating were reduced. Hence, the corrosion resistance of the coating decreased. When the
concentration of SiC nanoparticles was 5 g·L−1, the self-corrosion potential of the Ni-P-SiC
composite coating was −0.53 V, the self-corrosion current density was 1.65 × 10−5 A·cm−2,
and the corrosion rate was accelerated. The extremely high concentration of nanoparticles
leads to agglomeration [34], creates defects such as pores on the surface of the coating,
accelerates the corrosion of the composite coating, and reduces the coating thickness and
the range of elemental penetration. Hence, the substrate protection range and corrosion
resistance of the coating decreased.

Figure 11 shows the Nyquist plots of the prepared coatings, Figure 12 displays their
corresponding equivalent circuit diagrams, and Table 6 lists the fitted and calculated
equivalent circuit parameters.
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When the concentration of SiC nanoparticles was 0 g·L−1, the equivalent impedance
value R2 corresponding to the impedance arc radius of the coating was 963 Ω, which
is larger than that for the 45-gauge steel substrate after sandblasting. This finding indi-
cates that scanning electrodeposition effectively improves the corrosion resistance of the
metal material. When the concentration of SiC nanoparticles was 1 g·L−1, the equivalent
impedance value R2 of the composite coating corresponded to an impedance arc radius of
443 Ω, which was lower than that for the coating without SiC nanoparticles. The adhesion
performance decreased, which led to a decrease in the corrosion resistance of the coating
and its equivalent impedance value. When the concentration of SiC nanoparticles was
2 g·L−1, the equivalent impedance value R2 corresponding to the impedance arc radius
of the composite coating was 700 Ω. When the number of nanoparticles increased, the
coating thickness and the elemental penetration region also increased, and the deposition
quality and adhesion properties of the coating were improved. Hence, the equivalent
impedance value of the coating increased. When the concentration of SiC nanoparticles
was 3 g·L−1, the impedance arc radius of the composite coating corresponded to an equiv-
alent impedance value of R2 of 3108 Ω. At the optimal nanoparticle concentration, the
scanning deposition effect was the best, the coating had the greatest range of thickness and
elemental penetration regions, the surface and section were dense and defect-free, and the
adhesion properties were optimal, giving it the greatest equivalent impedance value. When
the concentration of SiC nanoparticles was 4 g·L−1, the equivalent impedance value R2
corresponding to the impedance arc radius of the composite coating was 1505 Ω. Further
increase in the concentration of nanoparticles causes agglomeration, which decreases the
deposition quality, the coating thickness, elemental penetration region, and the adhesion
degree of the coating to the substrate, thus contributing to the reduction in the equivalent
impedance value of the composite coating. When the concentration of SiC nanoparticles
was 5 g·L−1, the equivalent impedance value R2 corresponding to the impedance arc
radius of the composite coating was 649 Ω. When the concentration of nanoparticles was
extremely high, the deposition quality of the coating decreased again, defects such as grain
precipitation and pores appeared on the surface, the coating thickness and the range of
elemental penetration regions were again reduced, and the coating adhered poorly to the
substrate, thus contributing to a further decrease in the equivalent impedance value of the
composite coating.

A scanning electron microscope was used to observe the surface micro morphology
of the composite coating after electrochemical corrosion in 3.5 wt.% NaCl solution, and
the results are shown in Figure 13. Figure 13a shows that when the particle concentration
was 0 g·L−1, serious corrosion occurred on the surface, a large number of corrosion holes
and products were formed and accumulated. No composite deposition of nanoparticles
occurred in the coating, and the nanoparticles did not play a role in refining the cell
structure, and the element penetration region was small and easily corroded by corrosive
media. Figure 13b shows that when the particle concentration was 1 g·L−1, microcracks
appeared on the surface and local corrosion occurred. The reason is that the addition
of nanoparticles promotes the formation of crystal nuclei, refines the cellular structure,
increases the element penetration region, and slows down the corrosion of the coating
surface. However, the internal stress was not concentrated due to the low concentration
of nanoparticles, resulting in a decrease in the coating thickness. The adhesion perfor-
mance was reduced, micro-cracks appeared on the surface, and the corrosion preferentially
occurred in the micro-cracks in the corrosive solution. Figure 13c shows that when the
particle concentration was 2 g·L−1, surface corrosion was weakened, and the local corrosion
area was reduced. With the increase in nanoparticles, the surface deposition quality was
improved, the unit cell structure was refined, the coating thickness and element penetration
region were increased, the adhesion performance and corrosion resistance were improved,
and defects such as surface cracks were reduced. Hence, only local corrosion occurred
in corrosive media. Figure 13d shows that when the particle concentration was 3 g·L−1,
the corrosion on the surface was significantly reduced, and slight corrosion occurred at
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the boundary of the protrusion structure. When the concentration of nanoparticles was
the best, the surface quality of the coating was also the best. Many small-sized unit cell
structures were found at the cellular protrusion structure. During corrosion, the protruding
unit cell structure will be the first to contact the corrosive medium, thus effectively blocking
the corrosion of the corrosive medium. At the same time, the element penetration region
was the largest, and the corrosive medium did not easily penetrate the coating. Figure 13e
shows that when the particle concentration was 4 g·L−1, the corrosion on the surface was
aggravated and even occurred at the boundary of the cell. In addition, corrosion products
were precipitated. When the concentration of nanoparticles exceeded the composite degree
of the coating, crystal grains that are easily eroded and infiltrated by corrosive media will
appear at the boundary of the cell structure. At the same time, the quality of the coating
deposition and the element penetration region decrease, which accelerates the corrosion
diffusion of the coating. Figure 13f shows that when the particle concentration was 5 g·L−1,
corrosion pits and agglomeration of corrosion products appeared on the surface. When
the concentration of nanoparticles was extremely high, the cell structure of the coating
surface will exhibit grain precipitation, agglomeration, and porosity. Hence, the quality
of the coating section was poor, the nanoparticles were not uniformly dispersed in the
coating, and the element penetration region was small. During corrosion, the pores are
easily penetrated by chloride ions, which accelerate corrosion diffusion to form corrosion
pits that cause the agglomeration of corrosion products and aggravate this phenomenon.
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4. Conclusions

1. Scanning electron microscope detection showed that with the increase in particle
concentration, the coating thickness and element penetration region increased first
and then gradually stabilized. When the concentration of SiC nanoparticles was
3 g·L−1, the coating on the substrate surface exhibited the best deposition quality,
and various unit cell structures were formed on the surface. The coating thickness
was the largest at 17.3 µm, and the element penetration region of the coating was the
largest at 28.39 µm. In addition, the best inter-penetration and diffusion ability of the
elements between the interfaces was observed.

2. Adhesion scratch test and scratch microscopic morphology detection showed that
with the gradual increase in the concentration of SiC nanoparticles, the element pen-
etration region first increased and then decreased, thereby prompting the surface
quality of the scratches to increase first and then decrease. Coating adhesion presented
a trend of first increasing and then decreasing. When the concentration of nanoparti-
cles was 3 g·L−1, the best surface quality of scratches, 36.5 N coating adhesion, and
the best adhesion performance were observed.

3. The potentiodynamic polarization curve and electrochemical impedance spectroscopy
curve were detected using the electrochemical corrosion and microscopic morphology
tests after corrosion. The results showed that with the increase in the concentration
of SiC nanoparticles, the corrosion resistance of the composite coating showed a
trend of gradually increasing first and then gradually decreasing. The optimum SiC
particle concentration was 3 g·L−1. The Ni-P-SiC composite coating prepared by
scanning electrodeposition had −0.30 V self-corrosion potential, 8.45 × 10−7 A·cm−2

self-corrosion current density, slowest corrosion rate, largest impedance arc radius
with corresponding equivalent impedance R2 of 3108 Ω, best corrosion resistance and
morphology quality after corrosion, and the least corroded surface.
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