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Abstract: Ni–Co–P alloy coatings were successfully fabricated by jet electrodeposition with varying
pulse frequencies and duty cycles in order to prolong the longevity of steel C1045 substrates. The
results showed that the microstructures and properties of samples were significantly affected by pulse
frequencies and duty cycles. All the samples with varying pulse frequencies and duty cycles exhibited
a face-centered cubic (FCC) structure. Additionally, the average grain size of the samples reached
20.6 nm. The microhardness of the coatings was observed to first increase, and then decrease, with a
rise in pulse frequencies and duty cycles. The microhardness reached 656.2 HV0.1, and the wear scar
width of the coatings reached 414.4 µm at 4 kHz pulse frequency and 80% duty cycle. Additionally,
the corrosion current densities (Icorr) of samples reached a minimum value of 0.74 µA·cm−2, the
corrosion rates (Rcorr) reached a minimum value of 8.9 µm·year−1, and the charge transfer resistance
(Rct) reached a maximum value of 8.36× 104 Ω·cm−2, which indicated the optimal seawater corrosion
resistance of the deposited coatings.

Keywords: jet electrodeposition; Ni–Co–P alloy coatings; microhardness; wear resistance; seawater
corrosion resistance

1. Introduction

High corrosion rate and poor wear resistance of steel C1045 substrates greatly limit
their applications in industries. Additionally, the corrosion and wear processes of steel
C1045 substrate surfaces are gradual and concealed, which constantly degrade the prop-
erties of equipment and influence rapid economic development [1,2]. Therefore, it is
fundamental to develop new surface modification techniques and various surface protec-
tive materials that can increase the service life of mechanical parts under extreme conditions.
Such techniques include electroless plating, electro-brush plating, thermospraying, powder
metallurgy, electrodeposition, and jet electrodeposition.

The electrodeposition technique is a coating method used for preparing coatings
that exhibit good anti-corrosion and wear-resistant properties [3,4], and which has many
advantages in terms of equipment simplicity, economical processing, and deposition con-
trollability [5–7]. The electrodeposited nickel (Ni) matrix coating is one of the most widely
applied coatings in the world owing to its high hardness coupled with superior wear
and corrosion resistance [8–10]. Furthermore, depositing Ni matrix with other metals to
form alloy coatings can effectively improve the comprehensive performance of deposited
coatings. These alloying elements include W [11], Co [12], Cu [13], Fe [14], Mo [15], B [16],
and Cr [17]. Pulsed electrodeposition (PED) is a new variation of electrodeposition that is
characterized by higher instantaneous current density compared to conventional direct cur-
rent (DC) electrodeposition. The three most fundamental parameters that affect the coating
structure, composition, and deposition efficiency in PED include peak current density (Ip),
pulse imposition time (ON-time, Ton), and pulse switch off time (OFF-time, Toff) [18,19].
As a result, application of PED for deposition of coatings has been gathering momentum
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since variation of these parameters makes it possible to control the entire structure and
properties of deposited coatings [20]. Ramaprakash et al. [21] reported that Ni–W alloy
films obtained higher microhardness and better corrosion resistance after adjusting pulse
frequency and pulse duty cycle. Chung et al. [22] improved microhardness and corrosion
resistance of Ni–Co films by increasing pulse frequency. Yang et al. [23] concluded that the
pulse frequency and duty cycle significantly influenced the microhardness of deposited
Ni–Co–SiC coatings.

Compared with electrodeposition methods, jet electrodeposition technology is a new
high-speed electroplating technology characterized by advantages such as high deposition
velocity, high selectivity, and strong capability of producing thick composite coatings with
fine grains [24–27]. In the recent past, many studies have focused on the influence of jet
electrodeposition parameters on the structure and properties of coatings. For instance, Li
et al. [28,29] reported that the microstructures and properties of Ni–Co–BN(h) coatings
were affected by jet electrodeposition parameters (jet speed, jet voltages, pulse frequency,
and duty cycle). Tang et al. [30] concluded that increasing the flow rate of the jet resulted in
a decrease in the grain size of Ni–Co alloy coatings. Xia et al. [31] and Liu et al. [32] reported
that the properties of coatings were affected by the injection speed of the plating solution
and the scanning speed of the cathode. Qiao et al. [33] found that the key parameters
of jet electrodeposition influenced the concentration of Co2+ ions, thereby impacting the
microstructure and chemistry of Ni–Co alloys. In some instances, ternary alloy coatings
have higher microhardness, wear and corrosion resistance compared to binary alloy coat-
ings. For instance, Pang et al. [34], Fetohi et al. [35], and Khan et al. [36] reported that
the microhardness, corrosion resistance, and coercivity of Ni–Co–P alloy coatings were
better than that of Ni–Co alloy coatings, Ni–P alloy coatings, and Co–P alloy coatings,
respectively.

Pulse parameters adjustment considerably affects the electrodeposition mechanism
by influencing the nucleation and growth rate [37]. For Ni–Co–P coatings deposition, the
Co content affects the Ni content in the coatings whereby Ni atoms and Co atoms form a
face-centered cubic (FCC) and hexagonal close-packed (HCP) structure with increase in
the content of Co element. Additionally, pulse frequencies and duty cycles adjustment
considerably affect the microstructures and properties of samples by influencing the content
of the Co element. Hence, it is necessary to study the effect of pulse frequencies and duty
cycles on wear resistance and seawater corrosion resistance properties.

In this work, Ni–Co–P alloy coatings were successfully fabricated using jet electrode-
position with varying pulse frequencies and duty cycles in order to prolong the longevity of
steel C1045 substrates. The effects of pulse frequencies and duty cycles on microhardness,
wear, and seawater corrosion properties of deposited coatings were studied. Additionally,
the effects of jet voltages, jet gaps, temperature of the plating solution, and reciprocating
sweep speeds on enhancing the microhardness, wear, and corrosion-resistance capability
were reported in previous work [2,38]. In the current work, the effect of frequency param-
eters, duty cycle, and Co element content on the microstructures and properties of the
coating were explored. In addition, based on the analyses of the pulse jet electrodeposition
process, the deposition mechanism was discussed in detail.

2. Experimental Device and Procedure
2.1. Materials and Pretreatment

The substrate materials were steel C1045 samples with a size of 7 mm× 8 mm× 30 mm
throughout the experiment. To improve the bonding between the coating and the substrate
surface, a series of pretreatment steps was undertaken for steel C1045 samples. Firstly, steel
C1045 samples were cleaned and polished using different grades of abrasive water-resistant
emery papers so as to prepare suitable jet electrodeposition surfaces. Secondly, steel C1045
samples were degreased using an electric cleaning solution (Solution 1) having a current
of 1 A and a processing time of 30 s. Thirdly, steel C1045 samples were immersed in a
strong activation solution (Solution 2) having a current of 1 A and a processing time of
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35 s for the removal of the oxide layer. Finally, steel C1045 samples were immersed in a
weak activation solution (Solution 3) having a current of 1 A and a processing time of 35 s
for the removal of black carbon. After every step, deionized water was used to rinse steel
C1045 samples. Figure 1 shows the composition of the pretreatment solutions (1→2→3)
and operating conditions in the pretreatment experiment.
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Figure 1. Pretreatment solution preparation process and experimental procedure.

2.2. Preparation of Ni–Co–P Alloy Coatings

The Ni–Co–P alloy coatings were deposited from the aqueous solution [2,38]. The
coatings were fabricated on steel C1045 substrates using jet electrodeposition with (i) vary-
ing pulse frequencies (2, 3, 4, 5, and 6 kHz) at a constant duty cycle of 80%, and (ii) varying
duty cycles (40, 60, 80, and 99%) at a constant pulse frequency of 4 kHz. Additionally, all
the jet electrodeposition experiments were performed at a constant electrodeposition time
of 20 min, a plating solution temperature of 60 ◦C, an injection speed of 1.5 m·s−1, a jet gap
of 2.0 mm, a reciprocating sweep speed of 175 mm·s−1, and a jet voltage of 12 V. Moreover,
the samples were cleaned and air dried after the process of jet electrodeposition.

2.3. Characterization of Ni–Co–P Alloy Coatings

The scanning electron microscope (FEI Quanta FEG 250, SEM, Hillsboro, USA) was
used to observe and analyze the cross-sectional morphology of samples. The energy
dispersive spectrometer (EDS, X Flash Detector 5030, BRUKER, Karlsruhe, Germany) was
used to study and analyze the chemical composition and distribution of chemical elements
in samples. The X’Pert Power X-ray diffraction (PANalytical B.V., Almelo, Holland) was
used to analyze the phase composition of samples. The crystallographic structure of Ni–
Co–Si3N4 nanocomposite coatings was analyzed using CuKα radiation over a range of
2θ = 20◦ to 2θ = 90◦ at a scanning rate of 2θ = 4◦/min and a voltage of 40 kV.

The microhardness of various samples was measured using a Struers Duramin-40 (US)
microhardness tester (Ballerup, Copenhagen, Denmark) under the applied time and load
of 15 s and 100 g. To increase accuracy of test results, the microhardness was averaged
from readings of 10 separate location measurements for each sample surface. The wear of
various samples was measured using a high-frequency reciprocating wear test machine
(Zhongke Kaihua, Lanzhou, China) with a ball on disk pair. A time of 30 min, a load of
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3.2 N, and a speed of 500 r/min was selected for the wear test. The surface morphologies
showing the worn grooves were measured using FEI Quanta FEG as well.

The corrosion behaviors of samples were measured using a CS350 three-electrode
electrochemical workstation (Wuhan Corrtest Instruments Corp., Ltd., Wuhan, China).
Typically, a saturated calomel electrode was used as the reference electrode (RE), a platinum
plate was used as a counter electrode (CE), and Ni–Co–P alloy coatings with an exposed
surface area of 1 cm2 were used as a working electrode (WE). All the electrochemical mea-
surements were carried out in an artificial seawater environment at room temperature. The
chemical composition of artificial seawater was as follows: 24.530 g·L−1 NaCl, 5.200 g·L−1

MgCl2, 4.090 g·L−1 Na2SO4, 1.160 g·L−1 CaCl2, 0.695 g·L−1 KCl, 0.201 g·L−1 NaHCO3,
0.101 g·L−1 KBr, 0.027 g·L−1 H3BO3, 0.025 g·L−1 SrCl2, and 0.003 g·L−1 NaF. In addition,
the potentiodynamic polarization curves and samples were carried out in the potential
range of ± 0.6 V with respect to the Eocp and at a sweeping rate of 0.5 mV·s−1. The Nyquist
and Bode plots of samples were carried out at a sinusoidal excitation amplitude of 10 mV
root mean square coupled with a frequency range of 105~10−2 Hz.

3. Results and Discussion
3.1. Jet-Electrodeposition of Ni–Co–P Alloy Coatings

Figure 2 shows the schematic diagram of Ni–Co–P alloy coatings fabricated by jet
electrodeposition. It was reported that there are two competing mechanism models in
the electrodeposition which consist of crystal nucleation and growth [39,40]. According
to Guglielmi’s two-step adsorption model [32,41], firstly, a large number of ions (Ni2+,
Co2+) (see Figure 2a) were adsorbed on the cathode surface under the electric force, which
exhibited weak adsorption (see Figure 2b). Secondly, discharge reactions occurred on
the steel C1045 substrate surface, whereby Ni2+ ions were reduced to Ni atoms and Co2+

ions were reduced to Co atoms, characterized by strong adsorption (see Figure 2c) [42–44].
Simultaneously, a small amount of hydrogen ions (H2+) were also trapped on the surface of
the cathode base to generate hydrogen bubbles (H2). After consecutively uninterrupted
weak and strong adsorption processes, a large number of Ni atoms and Co atoms coupled
with a few P atoms were deposited on the steel C1045 substrate surface, thereby generating
the Ni–Co–P alloy coating (see Figure 2d).
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3.2. Cross-Section Morphologies of Samples

The cross-section morphologies of samples that were prepared with varying pulse
frequencies and duty cycles are illustrated in Figure 3. The thickness of samples was
greatly affected by pulse frequencies and duty cycles. It is evident that all the samples
were uniform and defect-free under varying pulse frequencies, and the coatings adhered
well to the steel C1045 substrates. As shown in Figure 3a–e, when the pulse frequency was
2 kHz, the thickness of samples corresponded to 12.79 µm, and when the pulse frequencies
was 4 kHz, the thickness of samples corresponded to 18.27 µm. After further increase in
pulse frequencies up to 6 kHz, the thickness of samples reached 13.28 µm. This can be
attributed to an increase in the pulse frequencies, which decreased the duration of single
pulse discharge, thereby decreasing pulse energy acting on the cathode surface, thereby
causing a decrease in the deposition rate. Mei et al. [45] found that the deposition rate of Al–
Ti–V–Cu–N coatings was slow when pulse frequency corresponded to 160 Hz. It was worth
noting that the deposition rate of coatings increased linearly from 4.1 nm·min−1 at 160 Hz to
5.9 nm·min−1 at 300 Hz. However, further increase in pulse frequency caused a subsequent
decrease in deposition rate. In addition, as reported previously by Li et al. [29], a larger
thickness of Ni–Co–BN(h) nanocomposite coating means greater deposition efficiency. It
was also reported that the thickness of Ni–Co–BN(h) nanocomposite coatings first increased
and then decreased as the pulse frequency increased. In this work, the results are similar to
their conclusions.
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Moreover, as shown in Figure 3c,f–h, it is evident that the thickness of samples with
duty cycles of 80%, 40%, 60%, and 99% increased to 18.27 µm, 7.79 µm, 12.62 µm, and
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24.09 µm, respectively. This demonstrated that the thickness of samples increased linearly
with an increasing duty cycle from 40% to 99%. The above phenomena may be due to
the fact that the average current density (iave) increased with an increasing duty cycle at a
constant peak current density (ip) [46]. What’s more, the thickness of samples increased
as the average current density (iave) increased. At 40% duty cycle, the ON time was very
short and the average current density (iave) was smaller. Therefore, the deposition time of
metal ions was less leading to a decrease in the reduction process occurring on the cathode
surface. The overall ON time during jet electrodeposition increased with an increasing duty
cycle. At maximum duty cycle of 99%, the ON time was quite long. Hence, more metal
ions were reduced, resulting in a subsequent increase in deposition rate. Concurrently, the
thickness of samples became thicker as duty cycles increased.

3.3. XRD Patterns of Samples

The XRD patterns of samples deposited with varying pulse frequencies and duty
cycles are displayed in Figure 4a,b. At a constant duty cycle of 80%, it can be seen that
the peak intensities and phase structure of samples have no obvious change with increase
in pulse frequency. The peaks at 2θ = 44.37◦, 51.82◦, and 76.29◦ were indexed as Ni (111),
(200), and (220), respectively. Moreover, the diffraction peak intensity for the Ni (111) plane
at different pulse frequencies was more obvious compared with the Ni (200) and Ni (220)
planes, which indicated that Ni tended to grow along the Ni (111) plane. It is clear that
with the increase in pulse frequencies, the diffraction peaks of Co and P in the deposited
coatings were absent in this study. This can be attributed to Co atoms displacing some Ni
atoms that existed in the face-centered cubic (FCC) structure Ni lattice, and the Co and Ni
atoms combined to form an α-phase solid solution [2,38]. On the other hand, at a constant
pulse frequency of 4 kHz, it can be seen from Figure 4b that the peak intensities and
phase structure of samples exhibited obvious change with an increase in the duty cycles.
It is clear that the diffraction peak of the Fe matrix appeared at a 40% duty cycle. This
phenomenon may be associated with the thickness of samples. The thickness of samples
using jet electrodeposition corresponded to 12.79 µm when the duty cycle corresponded
to 40%. Additionally, the thickness of samples became thicker as duty cycles increased,
causing the diffraction peak of the Fe matrix to disappear. The peaks at 2θ = 44.65◦, 51.72◦,
and 76.41◦ were indexed as Ni (111), Ni (200), and Ni (220), respectively. It is evident that
the deposited coatings exhibited an FCC structure.
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3.4. EDS Spectra of Samples

The EDS spectra of samples were prepared with various pulse frequencies and duty
cycles, as illustrated in Figure 5. Additionally, Figure 5a–e presents the coatings deposited
with varying pulse frequencies ranging from 2, 3, 4, 5, to 6 kHz at a constant duty cycle
of 80%. The contents of the Ni element and Co element in samples at a pulse frequency
of 2 kHz were 62.61 wt·% and 36.43 wt·%, respectively. It is clear that the content of the
Co element in the deposit reached 41.09 wt·% at a 4 kHz pulse frequency and 80% duty
cycle. Figure 5f–h shows the effects of duty cycles on EDS spectra of samples. The contents
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of the Ni element and Co element in samples at a duty cycle of 40% were 73.38 wt·% and
25.74 wt·%, respectively. It is clear that the content of the Co element reached 41.09 wt·%
at an 80% duty cycle. The above phenomena may be associated with Co2+ ions from
Co(OH)2 adsorption layers on the cathode surface, which effectively hindered the passage
of Ni2+, thereby causing Co2+ to be preferentially deposited. Therefore, the content of the
Co element became larger when the duty cycle was in a suitable range.

Crystals 2023, 13, x FOR PEER REVIEW 7 of 16 
 

 

10 20 30 40 50 60 70 80 90

1200

1800

2400

3000

3600(111)

 2θ / (°)

Re
la

tiv
e 

in
te

ns
ity

 (a
.u

.)

2 kHz

3 kHz

4 kHz

5 kHz

6 kHz

♠
♣ •

(220)Ni•
♣ Ni (200)

(111)Ni♠(a)

(111)

(200) (220)

10 20 30 40 50 60 70 80 90

1200

1800

2400

3000

3600
(b)

 2θ / (°)

Re
la

tiv
e 

in
te

ns
ity

 (a
.u

.)

40%

60%

80%

99%

♠

♣ •

(220)Ni•
♣ Ni (200)

(111)Ni♠

♦♦

Fe♦(111)

(200) (220)

 
Figure 4. The XRD patterns of Ni–Co–P alloy coatings prepared at different (a) pulse frequencies 
and (b) duty cycles. 

3.4. EDS Spectra of Samples 
The EDS spectra of samples were prepared with various pulse frequencies and duty 

cycles, as illustrated in Figure 5. Additionally, Figure 5a–e presents the coatings deposited 
with varying pulse frequencies ranging from 2, 3, 4, 5, to 6 kHz at a constant duty cycle of 
80%. The contents of the Ni element and Co element in samples at a pulse frequency of 2 
kHz were 62.61 wt·% and 36.43 wt·%, respectively. It is clear that the content of the Co 
element in the deposit reached 41.09 wt·% at a 4 kHz pulse frequency and 80% duty cycle. 
Figure 5f–h shows the effects of duty cycles on EDS spectra of samples. The contents of 
the Ni element and Co element in samples at a duty cycle of 40% were 73.38 wt·% and 
25.74 wt·%, respectively. It is clear that the content of the Co element reached 41.09 wt·% 
at an 80% duty cycle. The above phenomena may be associated with Co2+ ions from 
Co(OH)2 adsorption layers on the cathode surface, which effectively hindered the passage 
of Ni2+, thereby causing Co2+ to be preferentially deposited. Therefore, the content of the 
Co element became larger when the duty cycle was in a suitable range. 

1 2 3 4 5 6 7 8 9 10

PCo CoNi

E / keV

Ni

(a) Element w/% x/%
Ni 62.61 62.16
Co 36.43 36.02
P 0.97 1.82

1 2 3 4 5 6 7 8 9 10

PCo CoNi

E / keV

Ni

(b) Element w/% x/%
Ni 60.31 59.72
Co 38.42 37.89
P 1.27 2.39

1 2 3 4 5 6 7 8 9 10

PCo CoNi

E / keV

Ni

(c) Element w/% x/%
Ni 58.04 57.69
Co 41.09 40.68
P 0.87 1.64

 

1 2 3 4 5 6 7 8 9 10

PCo CoNi

E / keV

Ni

(d) Element w/% x/%
Ni 60.10 59.60
Co 38.79 38.32
P 1.11 2.09

1 2 3 4 5 6 7 8 9 10

PCo CoNi

E / keV

Ni

(e) Element w/% x/%
Ni 62.09 61.86
Co 37.32 37.03
P 0.59 1.11

1 2 3 4 5 6 7 8 9 10

PCo CoNi

E / keV

Ni

(f) Element w/% x/%
Ni 73.38 72.89
Co 25.74 25.47
P 0.87 1.64

 

1 2 3 4 5 6 7 8 9 10

PCo CoNi

E / keV

Ni

(g) Element w/% x/%
Ni 64.78 64.52
Co 34.62 34.34
P 0.60 1.14

1 2 3 4 5 6 7 8 9 10

PCo CoNi

E / keV

Ni

(h) Element w/% x/%
Ni 62.57 62.06
Co 36.35 35.91
P 1.08 2.03

 
Figure 5. EDS spectra of samples prepared at different duty cycles and pulse frequencies: (a) 2 kHz, 
80%; (b) 3 kHz, 80%; (c) 4 kHz, 80%; (d) 5 kHz, 80%; (e) 6 kHz, 80%; (f) 40%, 4 kHz; (g) 60%, 4 kHz; 
(h) 99%, 4 kHz. 

Figure 5. EDS spectra of samples prepared at different duty cycles and pulse frequencies: (a) 2 kHz,
80%; (b) 3 kHz, 80%; (c) 4 kHz, 80%; (d) 5 kHz, 80%; (e) 6 kHz, 80%; (f) 40%, 4 kHz; (g) 60%, 4 kHz;
(h) 99%, 4 kHz.

3.5. Microhardness of Samples

The microhardness of samples with varying pulse frequencies and duty cycles are
displayed in Figure 6a,b. From Figure 6a, it can be seen that the pulse frequencies have an
influence on the microhardness of samples deposited using jet electrodeposition. When
the pulse frequency was set at 2 kHz, the microhardness of samples corresponded to
612.6 HV0.1. When the pulse frequency was set at 4 kHz, the microhardness of samples
reached 656.2 HV0.1. With further increases in pulse frequencies, the microhardness of
samples was observed to decrease, reaching a value of 626.7 HV0.1 at 6 kHz. In addition,
the microhardness of steel C1045 substrates corresponded to 246.5 HV0.1, which was nearly
37.5% that of the samples at 4 kHz. Figure 6b shows the effect of duty cycles on the
microhardness of samples. The effect of duty cycles on the microhardness of samples
was observed to be greater than that of pulse frequencies. The microhardness of samples
corresponded to 520.6 HV0.1 when the duty cycle corresponded to 40%. When the duty
cycle was 80%, the microhardness of samples reached 656.2 HV0.1. Further increases in the
duty cycle caused a subsequent decrease in microhardness.

The above phenomena may be associated with the content of Co and the grain size
of samples. It is evident that the content of Co in the samples by jet electrodeposition
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reached the highest content of 41.09 wt·% at 4 kHz coupled with 80%. The material
strength is directly related to the grain size, according to the Hall–Petch relationship. A
higher grain boundary density corresponds to a smaller grain size, which indicates better
microhardness [47]. Meanwhile, the grain size for samples in the (111) plane was derived
from the Scherrer equation. The data showed that the grain size of samples reached 20.6 nm
at 4 kHz coupled with 80%. As a result, the microhardness of samples obtained a maximum
value.
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3.6. Wear Resistance of Samples

Figure 7 displays the effect of pulse frequencies and duty cycles on the wear resistance
of samples using jet electrodeposition. It was found that the wear scar width decreased
from 437.1 µm at 2 kHz to 414.4 µm at 4 kHz. With a further increase in pulse frequency
to 6 kHz, the wear scar width of samples increased slightly. Additionally, it was found
that the effect of duty cycles on the wear resistance of samples was greater than that of
pulse frequencies. It was evident that the wear scar width of samples decreased from 474.5
µm at 40% to 414.4 µm at 80%. With a further increase in duty cycle to 99%, the wear
scar width of samples increased slightly. On the other hand, it was also observed that
there were no obvious micro-pores or peeling in the coating surface after friction wear
resistance tests. Furthermore, the scratch area was relatively flat and the edge of the wear
scar presented a hill-like structure, which indicated that the wear mechanism of the samples
with varying pulse frequencies was a combination of plastic deformation and adhesive
wear. The above phenomena were due to the fact that the alloy coatings’ wear resistance
was mainly determined by the friction coefficient and microhardness of the material [48].
Material friction coefficient is directly proportional to the wear loss of a material. In other
words, the lower friction coefficient of the coatings coupled with higher microhardness
means better wear resistance of the coatings [49]. The high-frequency reciprocating wear
test results showed that the friction coefficient of samples with varying pulse frequencies
and duty cycles had no considerable variation. Thus, the sample’s wear resistance was
mainly determined by the microhardness.
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Combined with Figure 6 and Table 1, it is found that the pulse frequencies or duty
cycles affected the wear resistance of samples by changing the Co content. The effect
of pulse frequencies on the wear resistance of samples is analyzed as follows. When
the pulse frequency was small, the content of Co was relatively low, the strength of the
samples was insufficient, the average grain size of the coatings was relatively large, and the
coatings’ microhardness was low, indicating a worse wear resistance of samples. Within a
certain range, the Co content increased with an increase in pulse frequency, and the lower
average grain size of the coatings, coupled with higher microhardness, improved the wear
resistance. Moreover, when the pulse frequency was 4 kHz, the content of Co reached
41.09 wt·%. The microhardness of samples reached 656.2 HV0.1, and the wear scar width
reached 414.4 µm, which improved wear resistance of samples.

Table 1. Partial data of samples with varying pulse frequencies and duty cycles.

Pulse Frequencies/(kHz) Duty Cycles/(%) Ni/(wt·%) Co/(wt·%) Grain Size/(nm) Microhardness/(HV0.1)

2 80 62.61 36.43 24.7 612.6
3 80 60.31 38.42 22.3 634.5
4 80 58.04 41.09 20.6 656.2
5 80 60.10 38.79 21.9 635.3
6 80 62.09 37.32 23.5 626.7
4 40 73.38 25.74 30.7 520.6
4 60 64.78 34.62 26.4 592.5
4 99 62.57 36.35 22.1 638.4

On the other hand, when the duty cycle was 40%, the content of the Co element was
relatively low (25.74 wt·%), the strength of samples was insufficient, the average grain
size was relatively large (30.7 nm), and the coatings’ microhardness was low (520.6 HV0.1),
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which indicated worse wear resistance of the coatings. In a certain range, the Co content
increased with an increase in duty cycle. The lower average grain size (20.6 nm) of the
samples, coupled with higher microhardness (656.2 HV0.1), indicated better wear resistance.
With a further increase in the duty cycle up to 99%, it was found that the content of the Co
element decreased and the microhardness of samples decreased, which increased the wear
scar width and decreased the coatings wear resistance.

3.7. Seawater Corrosion Resistance of Samples

The potentiodynamic polarization curves of samples deposited with varying pulse
frequencies and duty cycles are presented in Figure 8a,b. The extrapolation method was
used to determine the corrosion potentials (Ecorr), corrosion current densities (Icorr), anodic
Tafel slopes (βa), cathodic Tafel slopes (βc), and corrosion rates (Rcorr), as shown in Table 2.
Generally, in a typical polarization curve, higher corrosion potential (Ecorr), coupled with
lower corrosion current density (Icorr) and lower corrosion rates (Rcorr), corresponds to
better corrosion properties of the coating surface [33]. It can be seen from the Figure 8a
and Table 2 that the Ecorr of samples first increased from −369 mV at 2 kHz to −220 mV at
4 kHz and then decreased from −220 mV at 4 kHz to −346 mV at 6 kHz. Additionally, the
Icorr reached 0.74 µA·cm−2, and the Rcorr reached 8.9 µm·year−1 at 4 kHz. Combined with
Figures 4 and 5, all the samples deposited with varying pulse frequencies showed an FCC,
and the Co and Ni atoms combined to form an α-phase solid solution, which effectively
hindered polarization and improved the seawater corrosion resistance of the coating. An
increase in Co content was beneficial to the improvement of corrosion resistance. Similar
results were reported by Fan et al. [50] and Li et al. [29]. Within a certain range, the higher
Co content in samples translated to better corrosion resistance of samples in 3.5 wt·% NaCl
solution.
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Figure 8. The potentiodynamic polarization curves of samples prepared at different (a) pulse fre-
quencies and (b) duty cycles. 

It can be seen from the Figure 8b and Table 2 that the variation of duty cycles signif-
icantly improved the samples’ surface seawater corrosion resistance. Additionally, it is 
obvious that the effect of duty cycles on the seawater corrosion resistance of samples was 

Figure 8. The potentiodynamic polarization curves of samples prepared at different (a) pulse fre-
quencies and (b) duty cycles.

Table 2. Analyzing results of potentiodynamic polarization curves of samples with varying pulse
frequencies and duty cycles in artificial seawater.

Pulse Frequencies/(kHz) Duty
Cycles/(%)

Ecorr/
(mV)

Icorr/
(µA·cm−2)

βa/
(mV·dec−1)

βc/
(mV·dec−1)

Rcorr/
(µm·year−1)

2 80 −369 2.06 494 −220 24.5
3 80 −273 1.65 766 −148 19.6
4 80 −220 0.74 79 −251 8.9
5 80 −230 0.98 121 −110 11.8
6 80 −346 1.12 173 −411 13.6
4 40 −474 14.22 380 −629 172.3
4 60 −309 5.16 403 −332 62.5
4 99 −245 2.59 174 −246 31.3
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It can be seen from the Figure 8b and Table 2 that the variation of duty cycles signif-
icantly improved the samples’ surface seawater corrosion resistance. Additionally, it is
obvious that the effect of duty cycles on the seawater corrosion resistance of samples was
greater than that of pulse frequencies on seawater corrosion resistance of samples. The
above phenomena can be mainly described by two aspects. One, at 40% duty cycle, the
ON time was very short and the average current density (iave) was smaller. Therefore,
the deposition time of metal ions was less leading to a decrease in the reduction process
occurring on the cathode surface. Additionally, there were many small pits and holes
that appeared on the surface of samples at a low duty cycle, which reduced the seawater
corrosion resistance of samples. Moreover, a higher duty cycle corresponds to a longer
ON time, which can effectively accelerate the deposition of Ni and Co ions on the cathode
surface. Thus, the seawater corrosion resistance of samples was improved. However, at
a maximum duty cycle of 99%, the ON time was quite long. Hence, more metal ions got
reduced, which meant a subsequent increase in deposition rate. This caused the concentra-
tion of metal ions near the cathode to be insufficient in unit time and the grain refinement
effect to be weakened. Moreover, this may have increased the hydrogen evolution on the
cathode surface, which, in turn, affected the quality of the coating and reduced the seawater
corrosion resistance of the coating. On the other hand, it was found that the duty cycles
affected the seawater corrosion resistance of samples by changing the content of Co. When
the duty cycle was small, the content of Co was relatively low (25.74 wt·% at 40%), which
decreased the seawater corrosion resistance of the samples. Within a certain range, the Co
content increased (41.09 wt·% at 80%) with an increase in the duty cycle, which promoted
the adsorption and aggregation of corrosion products (Co(OH)2), which enhanced the
seawater corrosion resistance of samples. However, with further increases in duty cycles,
the Co content decreased (36.35 wt·% at 99%). As a result, the coatings’ seawater corrosion
resistance was lowered.

To further demonstrate the potentiodynamic polarization properties of samples in
artificial seawater, additional research was done using a non-destructive electrochemical
impedance spectroscopy (EIS). Figure 9 shows the corrosion resistance of samples deposited
with varying pulse frequencies and duty cycles as measured using the EIS method. In
addition, Figure 9a,b show the Nyquist plots of samples, while Figure 9c,d present the
Bode plots of samples. Generally, the impedance semicircle diameter of Nyquist plots and
impedance modulus (|Z|) value of Bode plots are used to evaluate the corrosion resistance.
The larger impedance semicircle diameter of the samples coupled with the higher |Z|
value indicates better corrosion resistance.

It can be seen that all Nyquist curves of samples showed a depressed semicircle in
different dimensions. Moreover, the impedance semicircle diameter of samples showed
first an increasing trend and then a slightly decreasing one with increases in the pulse
frequencies and duty cycles. Additionally, the impedance semicircle diameter of the
samples was largest at 4 kHz pulse frequency and 80% duty cycle, which translated to
the highest corrosion resistance of samples. The |Z| in the Bode plots was very smooth.
This indicated that all the samples deposited with increases in pulse frequencies exhibited
uniform corrosion. It is evident that the |Z| in the Bode plots of samples for 40% was
smallest at low frequency. The |Z| in the Bode plots was very smooth. This indicated that
all the samples deposited with increases in pulse duty cycles exhibited uniform corrosion.
Additionally, it was observed that the equivalent circuit model of samples had a one-time
constant.

To further improve comparison and analysis, Table 3 lists the well-fitting results
obtained from Figure 9. As shown in Table 3, Rs is the solution resistance and reflects the
stable state of test system. CPEdl and ndl are the CPE of the double-layer capacitance. The
bigger value of CPEdl indicates a larger exposed coating area, and ndl reflects the roughness
of the coatings [51–53]. The CPEdl value for the samples at 4 kHz and 60% was smaller than
other samples. Furthermore, the ndl value for the samples at 4 kHz and 80% was larger
than other samples, indicating that the oxide layer/substrate interface became relatively
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smooth when the duty cycle reached 80%. In general, the bigger charge transfer resistance
(Rct) of samples indicates better corrosion resistance of the samples [54,55]. It is evident
that the Rct increased from 6.14 × 104 Ω·cm−2 at 2 kHz to 8.36 × 104 Ω·cm−2 at 4 kHz.
With a further increase in pulse frequency to 6 kHz, the Rct of samples decreased, reaching
a value of 7.45 × 104 Ω·cm−2. On the other hand, at a duty cycle of 40%, the Rct of samples
was 0.89 × 104 Ω·cm−2. It is evident that the Rct of the samples increased from 0.89 × 104

Ω·cm−2 at 40% to 8.36 × 104 Ω·cm−2 at 80%. With a further increase in the duty cycle to
99%, the Rct of the samples decreased and reached 6.23 × 104 Ω·cm−2.

Table 3. Fitting parameters of the elements in equivalent circuit with varying pulse frequencies and
pulse duty cycles.

Pulse Frequencies/(kHz) Duty Cycles/(%) Rs/
(Ω·cm−2)

CPEdl/
(µF·cm−2) ndl

Rct/
(104 Ω·cm−2)

2 80 6.98 2.78 0.93 6.14
3 80 6.82 2.63 0.93 7.29
4 80 7.40 2.04 0.94 8.36
5 80 6.09 3.18 0.90 8.32
6 80 6.31 2.33 0.94 7.45
4 40 3.07 7.18 0.75 0.89
4 60 3.88 1.17 0.94 2.55
4 99 7.49 3.80 0.89 6.23
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Figure 9. Nyquist plots of samples prepared at different (a) pulse frequencies and (b) duty cycles; 
Bode diagrams of Ni–Co–P alloy coatings prepared at different (c) pulse frequencies and (d) duty 
cycles; inset of (a) the equivalent electrical circuit for modeling the EIS data. (Rs, Qdl, and Rct are the 
solution resistance, electric double-layer capacitance, and charge transfer resistance, respectively 
[56]). 
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Figure 9. Nyquist plots of samples prepared at different (a) pulse frequencies and (b) duty cycles;
Bode diagrams of Ni–Co–P alloy coatings prepared at different (c) pulse frequencies and (d) duty
cycles; inset of (a) the equivalent electrical circuit for modeling the EIS data. (Rs, Qdl, and Rct are the
solution resistance, electric double-layer capacitance, and charge transfer resistance, respectively [56]).

Figure 10 shows the schematic illustration for corrosion evolution modes of samples
in artificial seawater. When samples using jet electrodeposition were exposed to the air, Ni
and Co elements both form oxide layers of which the main ingredients were NiO and CoO,
which can effectively hinder corrosion at early immersion stages (see Figure 10a). It was
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observed that the original oxide layers were dissolved first in a corrosive environment (see
Figure 10b). Then the extremely thin oxide layers were punctured under the attack of Cl−

at middle immersion stages. The samples’ surface in a corrosive environment underwent
active dissolution (see Figure 10c). At late immersion stages (see Figure 10d), Ni2+ and
Co2+ reacted further with water to produce corrosion products (Ni(OH)2 and Co(OH)2) on
the samples’ surface, which enhanced the seawater corrosion resistance of samples.
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4. Conclusions

In this study, Ni–Co–P alloy coatings were successfully fabricated on steel C1045 sub-
strates by jet electrodeposition with varying pulse frequencies and duty cycles. The results
showed that the microstructures and properties of samples were significantly affected by
pulse frequencies and duty cycles. The following conclusions have been made:

1. All the samples fabricated by jet electrodeposition with varying pulse frequencies and
duty cycles exhibited an FCC structure, and a distinct preferred orientation in the
(111) plane. Under suitable jet electrodeposition process parameters, the content of
Co in samples reached 41.09 wt·%. Additionally, the grain size of samples reached
20.6 nm.

2. The microhardness of samples first increased, and then decreased, with increases in
pulse frequencies and duty cycles, while the wear scar width of samples presented
the opposite rule. Additionally, the microhardness of samples reached 656.2 HV0.1
and the wear scar width of samples reached 414.4 µm at 4 kHz pulse frequency and
80% duty cycle.

3. Pulse frequencies and duty cycles significantly influenced the seawater corrosion
resistance of samples. The corrosion current densities (Icorr) of samples reached
0.74 µA·cm−2, the corrosion rates (Rcorr) reached 8.9 µm·year−1, and the charge
transfer resistance (Rct) reached 8.36 × 104 Ω·cm−2 at 4 kHz pulse frequency and
80% duty cycle, which indicated that deposited coatings under these conditions can
prolong the longevity of steel C1045 substrates.
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