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Abstract 

Nanoparticle-reinforced metal matrix composite coatings have significant potential in mechanical part surface 
strengthening owing their excellent mechanical properties. This paper reports a phenomenon in which the grain 
orientation gradually evolves to (220) as the deposition current density increases when preparing nanoparticle-
reinforced nickel-based composite coatings through jet electrodeposition (JED). During the preparation of the Ni-SiC 
composite coatings, the deposition current density increased from 180 A/dm2 to 220 A/dm2, and TC(220) gradu-
ally increase from 41.4% to 97.7%. With an increase of TC(220), the self-corrosion potential increases from −0.575 to 
−0.477 V, the corrosion current density decreases from 9.52 μA/cm2 to 2.76 μA/cm2, the diameter of the corrosion 
pits that after 10 days of immersion in a 3.5 wt% NaCl solution decreases from 278–944 nm to 153–260 nm, and the 
adhesion of the coating increases from 24.9 N to 61.6 N. Compared a conventional electrodeposition (CED), the Ni-SiC 
composite coating using JED has the advantages of a smooth surface morphology, high corrosion resistance, and 
strong adhesion, which are more obvious with an increase in TC(220).
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1  Introduction
With the continuous development of modern indus-
try, the wear and corrosion resistances of an increasing 
number of key components of high-end equipment are 
required; thus, high-performance composite coatings 
usually need to be prepared on the key component sur-
face. Nanoparticle-reinforced metal matrix composite 
coatings have significant potential application in surface 
strengthening of mechanical parts owing to their excel-
lent hardness, abrasion resistance, corrosion resistance, 

and high-temperature oxidation resistance. Researchers 
are widely concerned with this issue. Li et  al. [1] pro-
duced a Ni-SiO2 composite coating by electrodeposi-
tion and found that the addition of SiO2 nanoparticles 
improves the wear resistance of the coating. Li et al. [2] 
prepared a Ni-W/TiN coating by pulse electrodeposi-
tion and observed that the doped TiN nanoparticles 
promote nucleation and cause obvious changes in the 
microstructure, thus improving the hardness and corro-
sion resistance of the coating. Tao et al. [3] fabricated a 
Ni-B-Sc coating using conventional electrodeposition 
and detected that the grain boundary and phase bound-
ary area increased owing to the addition of Ni2Sc nano-
particles. However, nanoparticles usually exist in the 
form of agglomeration in the plating solution because 
of their high surface energy. It is difficult to break the 
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agglomeration of nanoparticles by conventional electro-
deposition, and thus the prepared composite coatings 
have defects, such as rough surfaces and poor adhesion 
[4, 5].

JED is a type of unconventional electrodeposition. The 
high-speed jet liquid improves the transmission speed of 
ions in the deposition process compared with CED. The 
ions are evenly distributed by high-speed flushing, which 
reduces the concentration polarization and improves the 
upper limit value of the current density during the elec-
trodeposition process [6, 7]. Meanwhile, the agglomera-
tion of the nanoparticles is broken up during high-speed 
flushing, and the nanoparticles are distributed uniformly 
in the coating. Therefore, using JED to prepare nanopar-
ticle-reinforced composite coating, the advantages of a 
high deposition efficiency, uniform nanoparticles distri-
bution, and good quality of the coating can be obtained 
[8–10].

During electrodeposition, the preferred orientation 
(texture) often occurs, which means that significant 
amounts of grains exhibit the same common orienta-
tion characteristics in the deposition layer. This is called 
a highly preferred orientation if almost all of the grains 
are assembled in one certain orientation. By controlling 
the preferred orientation of the grains in the deposi-
tion layer, the properties of the deposition layer can be 
improved, and even the deposition layer has some special 
functions. Gao et  al. [11] fabricated Co-Ni films with a 
preferred (220) orientation by controlling the variation of 
the Co and Ni ratio, which showed a superior photocata-
lytic performance. Ponrouch et al. [12] prepared prefer-
entially oriented (100) platinum nanowires and thin films 
by changing the deposition potential, which exhibited 
efficient electrocatalytic properties. Kim et al. [13] manu-
factured Bi2Te3-xSex thin films using pulse electrodeposi-
tion. By changing the duty cycle of the current, thin films 
achieved a preferred orientation of (110), and displayed a 
superior thermoelectric performance.

In recent years, research on the preferred orientation 
of nickel coatings using CED has attracted significant 
attention. Calderón et  al. [14] carried out an experi-
ment on the preparation of Ni-SiC composite coatings. It 
was found that with an increase in the SiC content, the 
grain orientation of the coatings gradually evolved from 
(200) to (111), and the corrosion resistance of the coating 
improved with the grain orientation of (111). Zhao et al. 
[15] studied Ni-xAl-yTi composite coatings, and claimed 
that as the content of Al and Ti particles increased, the 
orientation of (200) decreased while (111) increased; in 
addition, the preferred (111) orientation coating showed 
a better corrosion resistance than the preferred (200) 
orientation. Alizadeh et  al. [16] conducted an analy-
sis on Ni-Cu/Al2O3 composite coatings. They reported 

that the structure of the coatings gradually evolved to 
a preferred (111) orientation when the Al2O3 content 
increased, and the hardness, wear resistance, and corro-
sion resistance of the coatings were improved. Deng et al. 
[17] demonstrated that with the addition of 1,4-bis(2-
hydroxyethoxy)-2-butyne (BEO), the grains preferred 
the orientation of Ni/diamond composite coatings over a 
(200) orientation, and the wear resistance of the coating 
was also enhanced.

The above studies on the preferred orientation of 
nickel-based composite coatings mainly focused on (111) 
and (200) orientations, and little research has been con-
ducted on the highly preferred (220) orientation. This 
paper reveals the efficient preparation of nanoparticle-
reinforced nickel-based composite coating with a highly 
preferred (220) orientation, and then explores the effect 
of the deposition parameters on the structure of nan-
oparticle-reinforced nickel-based composite coatings. 
Because of the high hardness and stability of SiC nano-
particles, Ni-SiC composite coatings have been widely 
used [18]. This paper focused on the properties of Ni-SiC 
composite coatings. The microstructure, corrosion resist-
ance, and the adhesion force of the Ni-SiC composite 
coating with a highly preferred (220) orientation were 
investigated. Some innovative theoretical and technologi-
cal achievements were made.

2 � Experiment
2.1 � Principle of Efficient Preparation of Nanoparticles 

Reinforced Nickel‑Based Composite Coating by JED
The experimental device for JED is shown in Figure  1a. 
The pure titanium rod connects to the positive pole of 
the DC power supply, and the substrate connects to the 
negative pole of the DC power supply. The pure tita-
nium rod acts as the current transfer electrode, which 
transfers the current to nickel balls, making the nickel 
balls become an anode. Nickel atoms are oxidized into 
a large amount of Ni2+, which is used to supplement the 
Ni2+ that is constantly consumed during the plating solu-
tion. The titanium rod is not consumed in experiments 
because the chemical properties of the titanium rod are 
more stable than those of the nickel balls. Because the 
titanium rod is closer to the upper surface of the sub-
strate, the unconsumed titanium rod can help provide a 
stable electric field environment, and the deposited coat-
ings achieve a better uniformity. The plating solution in 
the liquid storage tank is heated by a water bath to main-
tain a constant temperature. During the preparation pro-
cess, the composite plating solution is first transported to 
the anode cylinder through the inlet pipe by a diaphragm 
pump. The plating solution in the anode cylinder is then 
impacted on the substrate through the nozzle at a high 
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speed for deposition. Finally, the plating solution flows 
back to the liquid storage tank through the outlet pipe.

A schematic diagram of the preparation principle of 
nanoparticle-reinforced nickel-based composite coat-
ings using JED is illustrated in Figure  1b. Most of the 
nanoparticles exist in the plating solution as an agglom-
eration, which is mainly surrounded by water molecules 
and ion clusters. Because the main chemical reaction is 
the redox of Ni2+ during electrodeposition, the model is 
simplified into a nanoparticle agglomeration surrounded 
by a large number of Ni2+ ions. When the nanoparti-
cle agglomeration is impacted by the substrate at a high 
speed, the nanoparticle agglomeration is divided into 
many individual nanoparticles owing to the reacting 
force. According to the composite co-deposition theory 
[19, 20], some nanoparticles are adsorbed on the sub-
strate, among which the strongly adsorbed nanoparticles 
are deposited and the weakly adsorbed nanoparticles are 
washed away. Meanwhile, under the condition of a high 
deposition current density, a large amount of Ni2+ near 
the cathode is reduced to Ni atoms, and then Ni atoms 

are then deposited on the substrate. The stacking of Ni 
atoms and nanoparticles covering the substrate rapidly 
becomes defective, and eventually a nanoparticle-rein-
forced nickel-based composite coating with a smooth 
surface is formed.

As shown in Figure  1c, the thickness of the coating 
increases gradually when the nozzle moves back and 
forth along the path at a certain scanning speed. The 
required thickness and shape of the composite coating 
are obtained by controlling the nozzle path and deposi-
tion time.

2.2 � Experimental Parameters Applied in the Preparation 
of Nanoparticle‑Reinforced Nickel‑Based Composite 
Coating Using JED

The composition of the plating solution and the experi-
mental parameters are shown in Table  1. The purity of 
the SiC nanoparticles was 99.99% and the average parti-
cle size was approximately 50 nm as shown in Figure 2a 
and b. SEM figures are also shown in Figure  2a and b. 
The substrate material was a medium-carbon steel. The 

Figure 1  Schematic diagram of a experimental device for JED, b preparation principle of nanoparticle-reinforced nickel-based composite coatings, 
and c production process of nanoparticle-reinforced nickel-based composite coatings
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substrate was pretreated before the experiment, the pro-
cess of which is as follows: fine grinding, - oil removal, - 
acetone ultrasonic cleaning, - alcohol ultrasonic cleaning, 
- deionized water ultrasonic cleaning, - and drying. An 
XRD pattern of the substrate is shown in Figure 2c.

2.3 � Test details
The grain orientation and grain size of the nanoparticle-
reinforced nickel-based composite coatings were charac-
terized using X-ray diffraction (XRD, X’Pert Pro MPD) 
with Cu-Kα (λ = 0.154184 nm) radiation, and the test 
parameters were a voltage of 45 kV, current of 40 mA, 
scanning range of 20° to 90°, step width of 0.01°, and 
scanning speed of 10°/min. The adhesion force of the 
nanoparticle-reinforced nickel-based composite coatings 
were quantitatively texted using a scratch tester (WS-
2004). The test was carried out in the form of dynamic 
loading. The scratch length was 4 mm, and the diamond 
tool was uniformly loaded from 0 to 70 N at a loading 

Table 1  Composition of plating solution and experimental 
parameters

Composition and parameters Quantity

NiSO4·6H2O (g/L) 300

NiCl2·6H2O (g/L) 40

H3BO4 (g/L) 40

Saccharin (g/L) 0.5

Emulsifier OP-10 (g/L) 1.0

SiC nano-particles (g/L) 3.0

pH value 4.0

Nozzle diameter (mm) 5.0

Scanning speed of nozzle (mm/min) 100

Distance between nozzle and cathode (mm) 3.0

Injection velocity (m/s) 1.40‒2.65

Current density (A/dm2) 180‒220

Temperature (°C) 60

Figure 2  The morphology and composition of SiC nanoparticles: a SEM image, b enlarged image, c XRD pattern of substrate
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rate of 70/4 N/mm. The morphology and elemental con-
tent of the nanoparticle-reinforced nickel-based com-
posite coatings were measured using scanning electron 
microscopy with energy dispersive spectroscopy (SEM, 
EDS, ZEISS MERLIN Compact). The surface roughness 
of nanoparticle-reinforced nickel-based composite coat-
ings were measured using TR300 Roughness Measuring 
Instrument with a sampling length of 4 mm. The elec-
trochemical properties of the Ni-SiC composite coatings 
were evaluated using electrochemical workstation (CHI 
760e) in a 3.5 wt% NaCl solution at room temperature. 
The test samples were Ni-SiC composite coatings with an 
area of 1 cm2. A saturated calomel electrode, platinum 
plate and samples were used as the reference electrode, 
counter electrode and working electrode, respectively. 
The polarization curves were recorded within the poten-
tial range of −150 to +350 mV (compared to the Eocp) 
at a scan rate of 0.002 V/s and a scan frequency of 2 Hz. 
Electrochemical impedance spectroscopy (EIS) investiga-
tions were conducted at sinusoidal signal amplitude of 
10 mV and at a frequency range of 105 to 10−2 Hz. Full 
immersion corrosion tests of the Ni-SiC composite coat-
ings are carried out. The corrosion solution was a 3.5 wt% 
NaCl solution, and the corrosion time were 1, 3, 5, and 10 
days.

3 � Results and Discussion
3.1 � Grain Orientation Evolution of Ni‑SiC Composite 

Coating during JED
During the JED process, the deposition layer is rapidly 
formed on the surface of the substrate under the condi-
tion of high current density by means of high-speed jet-
ting. Therefore, the injection velocity and current density 
are important parameters influencing the structure of the 
coatings. In this study, a large number of Ni-SiC compos-
ite coatings were one produced at different current den-
sities and injection velocities. The thicknesses of these 
coatings were controlled to approximately 50 μm by 
changing the deposition time. According to Figure 3a-e, 
the XRD patterns of the Ni-SiC composite coatings pre-
pared using JED under different deposition parameters 
all present clear diffraction peaks of Ni(111), Ni(200), and 
Ni(220). It can be seen that with an increase in the depo-
sition current density from 180 A/dm2 to 220 A/dm2, the 
coating orientation shows a trend of gradual evolution to 
Ni(220). The XRD pattern of the Ni-SiC composite coat-
ing prepared using CED is shown in Figure  3f, which 
indicates a Ni-SiC composite coating without a highly 
preferred (220) orientation.

The preferred orientation coefficient (texture coef-
ficients) of different crystal planes in these coatings are 
calculated using Eq. (1) [21], where TC(hkl) is the texture 
coefficient of the (hkl) orientation, I(hkl) is the measured 

intensity of (hkl) reflection, I0(hkl) is the powder diffrac-
tion intensity of nickel (PDF#70-0989), and n is the num-
ber of reflections used in the calculations. In this case, 
(111), (200) and (220) peaks were used for the texture 
coefficient calculation (n = 3).

The grain sizes of these coatings are calculated using 
Eq. (2) [22], where D(hkl) represents the grain size of the 
(hkl) orientation, B represents the half-height width of 
diffraction peak (degree), γ represents the wavelength of 
Cu-Kα (λ = 0.154184 nm), θ is the Bragg angle (rad) and 
K is a constant (K = 0.89).

Figure 4a–c shows the variations in TC (111), TC (200), 
and TC(220) of Ni-SiC composite coatings prepared 
using JED under different deposition parameters. When 
the current density increases, it shows a general trend 
in which TC(111) and TC(200) gradually decreases and 
TC (220) gradually increases. Under low current density 
conditions (180–200 A/dm2), the TC (111), TC (200) and 
TC(220) are significantly affected by variations in the 
injection velocity. As the injection velocity increased, TC 
(111) and TC(200) first decreased and then increased, 
and TC(220) first increased and then decreased. How-
ever, at a higher deposition current density (>200 A/
dm2), the grain orientation of the coatings is slightly 
affected by the variation of the injection velocity, and TC 
(111), TC (200) and TC (220) remain stable. Under the 
deposition conditions of 220 A/dm2 current density and 
1.76 m/s injection velocity, TC (220) reached a maximum 
of 97.7%.

As shown in Figure 4d, it can be seen that the variation 
range of D(111) and D(200) is small as the current den-
sity increases. The value of D(111) is between 19 and 20 
nm and D(200) is between 17 and 18 nm. Unlike D(111) 
and D(200), D(220) increases with an increase in the 
deposition current density. When the deposition current 
density is 180 A/dm2, the average value of D(220) is 47.5 
nm. As the deposition current density increase to 220 A/
dm2, the average value of D(220) increase to 61.6 nm.

As shown in Figure  5, during the preparation of nan-
oparticle-reinforced nickel-based composite coatings 
using JED, Ni atoms are stacked with face-centered cubic 
structure cells. Usually, these cells are deposited on the 
substrate surface with the (111), (200), and (220) crystal-
line planes. The selection of the grain orientation mainly 
depends on the cathodic overpotential, which is mainly 

(1)
TC(hkl) =

I(hkl)/I0(hkl)
n∑

i=1

I(hkl)/I0(hkl)

.

(2)D(hkl) =
Kγ

B cos θ
.
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based on the deposition current density according to the 
Tafel formula. Under the condition of a low deposition 
current density, the grain orientation of coating tends 
to be (111). As the deposition current density increases 
the grain orientation of the coating gradually evolves to 

(220). When the deposition current density exceeds a 
certain value, most of the cells are adsorbed on the sub-
strate with the (220) crystalline plane.

Compared with the influence of the deposition current 
density, the effect of the injection velocity on the grain 

Figure 3  a–e XRD patterns of Ni-SiC composite coatings prepared using JED under different deposition parameters, and f XRD pattern of Ni-SiC 
composite coating prepared using CED
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orientation of the coating is smaller. Because the bonding 
strength of the (111) - and (200) - oriented grains to the 
substrate is less than that of the (220) - oriented grains, 
the increase in the injection velocity tends to makes the 
nickel structure cells adsorb into the substrate with the 
(220) crystalline plane. However, the TC(220) of the coat-
ing does not increase monotonically with an increase 
in the injection velocity. There is a critical value for the 
injection speed. When the injection speed exceeds this 
value, the nickel structure cells tend to adsorb into the 
substrate with random crystalline planes instead. The 
critical value has a negative correlation with the density 
of deposition current, that is, the smaller the deposition 
current density is, the larger the critical value.

Under the condition of a high deposition current den-
sity, the nickel structure cells rapidly nucleate, and the 
number of crystal nuclei with a (220) orientation is larger 
than that with (111) and (200) orientations. Therefore, 
the crystal nucleus with the (220) orientation dominates 
the growth process. Eventually, the average size of the 

(220) orientation grains is clearly larger than that of the 
(111) and (200) orientation grains.

3.2 � Morphology of Ni‑SiC Composite Coating with Highly 
Preferred (220) Orientation

Figure  6 shows the morphology of a Ni-SiC composite 
coating with a highly preferred (220) orientation pre-
pared using JED (TC(220) = 97.7%). As shown in Fig-
ure 6a, the surface (Area C) and section (Area F) of the 
coating were observed. It is clear that the surface of the 
Ni SiC composite coating with a highly preferred (220) 
orientation is compact and flat (Figure  6c, f ), and there 
is no dome or hill/ valley-like structure [16, 23–25]. The 
surface roughness of the coating was Ra 0.119 μm (Fig-
ure  6b). SiC nanoparticles had no agglomeration inside 
the coating (Figure 6d, g) and were evenly distributed in 
different areas of the coating (Figure 6e, h).

Figure  7 shows the morphology of a Ni-SiC compos-
ite coating without a highly preferred (220) orientation 
prepared using JED (TC(220) = 41.4%). As shown in 

Figure 4  a–c The texture coefficients of Ni-SiC composite coatings prepared using JED under different deposition parameters: a TC(111), b TC(200), 
and c TC(220); d The grain size statistic of Ni-SiC composite coatings prepared using JED under different deposition parameters
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Figure  7a, the surface (Area C) and section (Area F) of 
the coating were observed. It is clear that the surface of 
the Ni SiC composite coating has slight bumps and gul-
lies. The surface roughness of the coating was Ra 0.321 
μm (Figure 7b). SiC nanoparticles have no agglomeration 
inside the coating (Figure 7d, g) and were evenly distrib-
uted in different areas of the coating (Figure 7e, h).

Figure  8 shows the morphology of a Ni-SiC compos-
ite coating prepared using CED (TC(220) = 40.7%). As 
shown in Figure  8a, the surface (Area C) and section 
(Area F) of the coating were also observed. The surface of 
the Ni SiC composite coating prepared by CED is coarse 
and fluctuant (Figure 8c, f ). The surface roughness of the 
coating was Ra 1.210 μm (Figure  8b). SiC nanoparticles 
have an obvious agglomeration inside the coating (Fig-
ure 8d, g) and the content varies greatly in different areas 
(Figure 8e, h).

Compared with the coating prepared using CED, The 
high-speed jetting process used by JED can make SiC 
nanoparticles evenly distributed in the coating and the 
surface quality of the coating prepared through JED is 

obviously improved owing to the high-speed scouring of 
the plating solution. For the JED, the Ni-SiC composite 
coating with a highly preferred (220) orientation has a 
smoother surface topography, which is beneficial for sig-
nificantly improve the corrosion resistance of the Ni-SiC 
composite coating.

3.3 � Corrosion Resistance of Ni‑SiC Composite Coating 
with Highly Preferred (220) Orientation

In this study, the corrosion resistance of the Ni-SiC com-
posite coating was tested, including electrochemical tests 
and full immersion corrosion tests. Figure  9 shows the 
electrochemical test results of the Ni-SiC composite coat-
ings in a 3.5 wt% NaCl solution. The dynamic polariza-
tion curves are shown in Figure 9a. As can be seen from 
this figure, the corrosion potential (Ecorr) and corrosion 
current density (icorr) of the Ni-SiC composite coating 
prepared using CED were −0.747 V and 54.52 μA/cm2, 
respectively.

The Ni-SiC composite coatings were prepared 
using JED at an injection velocity of 1.76 m/s and a 

Figure 5  Schematic diagram of the evolution of grain orientation during the process of preparing nanoparticle-reinforced nickel-based composite 
coatings using JED
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current density of 180–220 A/dm2. With an increase in 
the deposition current density, the TC(220) of the coat-
ing increases from 41.4% to 97.7%, the corrosion poten-
tial of the coating increased from −0.575 to −0.477 V, 
and the corrosion current density decreased from 9.52 
to 2.76 μA/cm2. This indicates that the corrosion resist-
ance of the coating was enhanced. EIS is a powerful and 
nondestructive electrochemical technology to confirm 
electrochemical reactions and study the corrosion behav-
ior of electrode/electrolyte interface [26–29]. Figure  9b 
shows the typical Nyquist plots of the Ni-SiC composite 
coatings. A depressive semicircle can be found on each 
curve, indicating that the electrochemical mechanism is 
controlled by the charge-transfer process [30]. It can be 
seen that the diameter of the capacitive loop increases 
with an increase in TC(220) of the Ni-SiC composite 
coating. A larger diameter of the capacitive loop, results 
in a stronger corrosion resistance of the coating. Fig-
ure  9c shows the Bode plots of log(f ) versus log(|Z|) of 
the Ni-SiC composite coatings. Within the high-fre-
quency region (104 to 105 Hz), the values of log|Z| are 
similar, indicating that these are impedance values of a 

3.5 wt% NaCl solution. Within the low-frequency region 
(10−2 to 10−1 Hz), the impedance values of the differ-
ent Ni-SiC composite coatings are significantly differ-
ent. For instance, at a fixed 0.01 Hz, the log(|Z|) of the 
Ni-SiC composite coating prepared using CED is 3.41, 
and the log(|Z|) of Ni-SiC composite coating prepared 
by JED increase from 3.99 to 4.72 as TC(220) increase 
from 41.4% to 97.7%. The higher the impedance value 
is, the stronger the corrosion resistance of the coating. 
Figure 9d shows the Bode plots of log(f ) versus angle of 
the Ni-SiC composite coatings. For the Ni-SiC composite 
coatings, the higher phase angle at the middle high fre-
quency for the chemical-conversion-treated specimen 
corresponds to a capacitive behavior, that is, the conver-
sion coating has good dielectric properties to avoid the 
ionic flow of the electrolyte [30]. When the frequency is 
in the range of 100 to 105 Hz, the phase angle of the Ni-
SiC composite coating prepared using CED is minimum, 
and the phase angle of the Ni-SiC composite coating pre-
pared using JED increases with an increase in TC(220).

The EIS data were fitted using an electrical equiva-
lent circuit (EEC). The corrosion process of the Ni-SiC 

Figure 6  Morphology of the Ni-SiC composite coating with highly preferred (220) orientation prepared using JED: a schematic diagram of 
detection area, b roughness profile of the coating surface, c microstructure of the coating surface, d distribution of SiC nanoparticles on the coating 
surface, e EDS map of the coating surface, f microstructure of the coating section, g distribution of SiC nanoparticles on the coating section, and h 
EDS map of the coating section
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composite coating can be replaced with the EEC of 
R(Q(R(QR))) when the oxide layer on the substrate sur-
face is taken into account [31].

As observed in Figure 9e, the EEC consists of the Rs 
modeling of the solution resistance, in sequence with a 
constant phase element CPE1 in parallel with another 
resistance Rc modeling the coating resistance, followed 
by another constant phase element CPE2 and a third 
charge transfer resistance of Rct associated with the 
corrosion process. The impedance of the CPE is defined 
through Eq. (3):

where ω is the angular frequency (rad/s), Y0 is the CPE 
admittance, j is the imaginary number ( 

√
−1 ), and n with 

a value of 0‒1 represents the relaxation dispersion. When 
n = 1, the CPE is a pure capacitor with a capacitance of 
Y0. It is believed that the smaller the n value is, the more 
defects that will occur on the surface and the more likely 
pitting corrosion is to occur [30, 32].

(3)QCPE = [Y0(jω)n]−1,

The fitting results are listed in Table 2. It can be seen 
that Rc and Rct of the Ni-SiC composite coating prepared 
using CED are 1.476×102 Ω·cm2 and 3.846×103 Ω·cm2, 
respectively. Compared with that of other coatings, these 
parameters ae the minimum values, which means that 
this coating has the worst corrosion resistance. The Ni-
SiC composite coatings prepared using JED with TC(220) 
increased from 41.4% to 97.7%, the Rc of the coatings 
increased from 4.423×103 to 7.025×103 Ω·cm2, and the 
Rct increased from 1.267×104 to 5.989×104 Ω·cm2 It was 
proved that the corrosion resistance of the Ni-SiC com-
posite coating increased with an increase in TC(220).

The central area of the coatings after immersion corro-
sion is observed, and the surface morphologies of differ-
ent corrosion times are shown in Figures 10, 11, 12 and 
13.

It is obvious that when the corrosion time is 1, 3, or 5 
days, the central area of the different coatings was mostly 
unchanged, indicating that the corrosion did not extend 
to the central area. When the corrosion time was 10 days, 

Figure 7  Morphology of the Ni-SiC composite coating without highly preferred (220) orientation prepared using JED: a schematic diagram of 
detection area, b roughness profile of the coating surface, c microstructure of the coating surface, d distribution of SiC nanoparticles on the coating 
surface, e EDS map of the coating surface, f microstructure of the coating section, g distribution of SiC nanoparticles on the coating section, and h 
EDS map of the coating section
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corrosion pits of different sizes appeared on the central 
surface of the coatings. Figure  13a shows the surface 
morphology of the Ni-SiC composite coating prepared 
using CED after 10 days of immersion corrosion. It can 
be seen that many corrosion products adhere to the sur-
face of the coating, and the size of the corrosion pits is 
approximately 3.3–22.2 μm. Figure 13b–f are the surface 
morphologies of Ni-SiC composite coatings prepared 
using JED after 10 days of immersion corrosion. Com-
pared with Figure  13a, there are no obvious corrosion 
products on the surface of the coating, and the corrosion 
pits are all less than 1 μm. When the TC(220) of the coat-
ing was 41.4%, the size of the corrosion pits was approxi-
mately 278–944 nm (Figure  13b). When the TC(220) 
of the coating was 63.9%, the size of the corrosion pits 
was approximately 254–927 nm (Figure 13c). When the 
TC(220) of the coating was 75.6%, the size of the corro-
sion pits was approximately 215–905 nm (Figure  13d). 
When the TC(220) of the coating was 93.4%, the size of 
the corrosion pits was approximately 183–352 nm (Fig-
ure  13e). Finally, when the TC(220) of the coating was 
97.7%, the size of the corrosion pits was approximately 
153–260 nm (Figure 13f ). This shows that as the TC(220) 

increases, the corrosion resistance of the Ni-SiC compos-
ite coating is improved.

The surface quality is the most important factor 
affecting the corrosion resistance of the coating. The 
corrosion resistance of the coating decreases with an 
increase in the number of surface defects. There are 
many defects on the surface of Ni-SiC composite coat-
ing prepared using CED, such as the agglomeration of 
the SiC nanoparticles, pinholes and pockmarks. Corro-
sion occurs preferentially at these defect locations, and 
over a period of time, it is easy to cause SiC agglom-
erated particles to fall off, resulting in the formation of 
holes in the coating, which eventually form larger cor-
rosion pits with the increase in corrosion time. The sur-
faces of the Ni-SiC composite coatings prepared using 
JED are compact and flat without obvious defects and 
SiC particle agglomeration; thus, the corrosion resist-
ance of the coatings is significantly improved. The 
corrosion pits occur uniformly at the grain bounda-
ries on the coating surface, and the corrosion pits 
gradually expand with the increase in corrosion time. 
Under the same corrosion area, the smaller the grain 
boundary proportion and the smaller the number 

Figure 8  Morphology of the Ni-SiC composite prepared using CED: a schematic diagram of detection area, b roughness profile of the coating 
surface, c microstructure of the coating surface, d distribution of SiC nanoparticles on the coating surface, e EDS map of the coating surface, f 
microstructure of the coating section, g distribution of SiC nanoparticles on the coating section, and h EDS map of the coating section
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of corrosion pits. As the deposition current density 
increased, the grain size of the Ni-SiC composite coat-
ing also increased, and the proportion of grain bound-
aries decreased. At the same time, with the increase 
in TC(220), the coating with the same orientation 

gradually formed. The dislocations and other defects 
at the grain boundaries also reduced and the diffusion 
rate of corrosion pits is reduced. Therefore, the Ni-SiC 
coating with a highly preferred (220) orientation shows 
an excellent corrosion resistance.

Figure 9  Electrochemical test results of Ni-SiC composite coatings: a dynamic polarization curves, b Nyquist plots, c Bode plots of log(f ) versus 
log(|Z|), d Bode plots of log(f ) versus the angle, and e schematic diagram of the EEC
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3.4 � Adhesion Force of Ni‑SiC Composite Coating 
with Highly Preferred (220) Orientation

The adhesion force is an important index for judg-
ing the performance of the coating. The higher the 
adhesion force of the coating, the less easy it is for the 
coating to fall off, and the longer the service life will 
be. In this study, the adhesion of the Ni-SiC compos-
ite coatings and substrate is quantitatively measured 
using a scratch method. Figure 14a shows the scratch 
morphology of the Ni-SiC composite coating pre-
pared using CED, and Figure  14b–f show the scratch 
morphologies of the Ni-SiC composite coatings pre-
pared using JED under the deposition current density 
of 180–220 A/dm2. As shown in the elliptical frame 
selection area, the load corresponding to the first 
crack position of the coating is defined as the value 
of the adhesion force, which is 20.5, 24.9, 46.8, 55.2, 
60.5, and 61.6 N, respectively. It can be seen that the 

adhesion force of the Ni-SiC composite coating has 
a positive correlation with the TC(220) value. The 
higher the TC(220) is, the higher the adhesion force of 
the coating.

From a microscopic perspective, the adhesion force 
between the coating and substrate depends on the con-
tact strength of the interface. A fundamental quantity 
determining the strength of the interface is the ideal work 
of the adhesion (Wad), which is the work spent on sepa-
rating the interface into two free surface. The work of 
adhesion between the coating and substrate can be calcu-
lated using Eq. (4) [33, 34]:

where Eslab1 and Eslab1 are the total energies of slab1 
and slab2, Eint is the total energy of the interface system 
including slab1 and slab2, and A is the interface area.

(4)Wad = (Eslab1 + Eslab2 − Eint)/A,

Table 2  Parameters fitted from EEC

Preparation
method

TC(220)
(%)

Rs
(Ω·cm2)

CPE1 Rc
(Ω·cm2)

CPE2 Rct
(Ω·cm2)

Y1 (S·cm−2·sn) n1 Y2 (S·cm−2·sn) n1

CED (8 A/dm2) 40.7 28.37 8.579×10−4 0.6753 1.476×102 8.759×10−4 0.6846 3.846×103

JED (180 A/dm2) 41.4 25.83 1.661×10−4 0.5643 4.423×103 1.658×10−4 0.5635 1.267×104

JED (190 A/dm2) 63.9 28.32 3.686×10−5 0.8795 1.159×103 4.880×10−5 0.5677 2.119×104

JED (200 A/dm2) 75.6 28.83 2.588×10−5 0.8722 1.571×103 3.386×10−4 0.6184 2.608×104

JED (210 A/dm2) 93.4 24.97 3.543×10−5 0.8938 2.309×103 2.463×10−5 0.7570 3.499×104

JED (220 A/dm2) 97.7 28.04 6.916×10−6 0.8984 7.025×103 1.566×10−5 0.8623 5.989×104

Figure 10  Surface morphologies of different Ni-SiC composite coatings after 1 day of immersion corrosion in 3.5 wt% NaCl solution
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The DFT simulation models are shown in Figure  15. 
The substrate is medium-carbon steel, and the main ori-
entation of the substrate is Fe(110). The Wad values of the 
Ni(111)/Fe(110), Ni(200)/Fe(110), and Ni(220)/Fe(110) 
interfaces are 3.32, 3.96, and 4.21 J/m2, respectively. The 

Wad value of the Ni(220)/Fe(110) interface is greater than 
that of the Ni(111)/Fe(110) interface and Ni(200)/Fe(110) 
interface, indicating that the adhesion force between the 
Ni-SiC composite coating with a highly preferred (220) 
orientation and substrate is higher.

Figure 11  Surface morphologies of different Ni-SiC composite coatings after 3 days of immersion corrosion in 3.5 wt% NaCl solution

Figure 12  Surface morphologies of different Ni-SiC composite coatings after 5 days of immersion corrosion in 3.5 wt% NaCl solution
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4 � Conclusions
(1) The grain orientation of the Ni-SiC composite coat-
ings prepared using JED gradually evolves into (220) 
with an increase in the current density. The Ni-SiC 
composite coating with a highly preferred (220) orien-
tation was prepared at a current density of 220 A/dm2, 
whereas the orientation coefficient reached 97.7%.

(2) During the JED process, the high-speed jetting 
fluid causes the nanoparticles to break the agglomera-
tion state and disperse evenly into the coating. Under 
the condition of a high current density, the deposition 
layer quickly fills the defects of the substrate and forms 
a compact and flat composite coating on the surface. 
The surface roughness of the Ni-SiC composite coat-
ing with a highly preferred (220) orientation is 90.2% 
lower than that of the Ni-SiC composite coating pre-
pared using CED.

(3) The corrosion resistance of the Ni-SiC compos-
ite coatings increases with an increase in TC(220). 
Compared with the corrosion resistance of the coat-
ing prepared using CED, the corrosion resistance of 
the coating with the highly preferred (220) orientation 
prepared using JED has a 36.1% increase in corrosion 
potential and a 94.9% decrease in corrosion current 
density.

(4) A DFT simulation was conducted to calculate 
the ideal work of adhesion of the Ni(111)/Fe(110), 
Ni(200)/Fe(110), and Ni(220)/Fe(110) interfaces of the 
Ni-SiC composite coating, among which the Ni(220)/
Fe(110) interface has a higher Wad than the Ni(111)/
Fe(110) and Ni(200)/Fe(110) interfaces. The Ni-SiC 
composite coating with a highly preferred (220) orien-
tation obtains the maximum adhesion force, which is 
200% higher than that of the Ni-SiC composite coating 
prepared using CED.

Figure 13  Surface morphologies of different Ni-SiC composite coatings after 10 days of immersion corrosion in 3.5 wt% NaCl solution
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Figure 14  (a–f ) Scratch morphology of different Ni-SiC composite coatings: a CED (8 A/dm2), b JED (180 A/dm2), c JED (190 A/dm2), d JED (200 A/
dm2), e JED (210 A/dm2), f JED (220 A/dm2)
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