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Abstract: Offshore wind turbine generators usually demand higher requirements for key component
materials because of the adverse working environment. Therefore, in this study, electromagnetic-
assisted laser cladding technology was introduced to prepare the nickel-based composite coating on
the Q345R matrix of wind turbine generator key component material. By means of Scanning Electron
Microscope (SEM), X-ray diffraction (XRD), Energy Dispersive Spectrometer (EDS), the Vickers hard-
ness tester, friction and wear tester, and electrochemical workstation, the effects of different magnetic
field intensities on the macroscopic morphology, microstructure, phase composition, microhardness,
wear resistance, and corrosion resistance of the coating were analyzed. The experimental results show
that the addition of a magnetic field can effectively reduce the surface defects, improve the surface
morphology, and not change the phase composition of the coating. With the increase in magnetic field
intensity, the microstructure is gradually refined, and the average microhardness increases gradually,
reaching a maximum of 944HV0.5 at 8 T. The wear resistance gradually increases with the increase in
magnetic field intensity, especially when the magnetic field intensity reaches 12 T, the wear rate of
the coating is reduced by 81.13%, and the corrosion current density is reduced by 43.7% compared
with the coating without a magnetic field. The addition of an electromagnetic field can enhance the
wear resistance and corrosion resistance of the nickel-based laser cladding layer.

Keywords: laser cladding; steady magnetic field; nickel-based coating; microstructure; wear
resistance; corrosion resistance

1. Introduction

The generator is one of the key components in wind power; its function is to convert
the wind energy captured by the impeller into electric energy. In so doing, the bearing
position of the generator’s key components is prone to wear. After wear, the generator
vibrates, which results in a large amount of energy being converted into heat and noise,
which adversely affects the generation and stable operation of the fan. In addition, the
offshore wind turbine generator’s key components work in a high salt environment for
a long time, which also demands higher requirements for the corrosion resistance of the
key components. Key component failure caused by wear and corrosion exacerbates the
power generation loss of wind turbines, and the repair and replacement cost is high, which
adds huge pressure to the operation of wind farms [1–4]. Therefore, the preparation of a
high-performance coating on the key component surfaces is a better choice to improve the
wear resistance and corrosion resistance of the generator’s key components.

Laser cladding is an advanced surface treatment technology that uses a high-energy
laser as a heat source to deposit coatings on the surface of a substrate. Generally, the
prepared coatings have a low dilution rate and high corrosion and wear resistance, so are
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widely used in the manufacture and repair of key parts in the automotive, metallurgy, oil
and gas, aerospace, and other fields [5–8]. Due to the high solidification rate and large
temperature gradient, traditional laser cladding technology usually faces problems such
as cracks and pores, which result in a decline in the surface quality performance of the
coating [9]. Therefore, many scholars adopt the method of applying an external field
to improve these problems. For example, Wang et al. [10] studied the influence of the
direction and size of current assisted by an electromagnetic field on the coating structure
and segregation. The results showed that the segregation phenomenon decreased first
and then increased with the increase in current, and the hardness increased first and then
decreased. Zhai et al. [9] used electromagnetic field assistance to clad nickel-based coatings
on a pure iron surface and obtained external auxiliary field parameters under the optimal
value of molten pool temperature. The parameters were a magnetic field intensity of
0.2 T and an alternating current (AC) of 1200 A. Wang et al. [11] concluded that a steady-
state magnetic field can reduce the coating cracks and increase the hardness through the
magnetic field-assisted laser cladding of nickel-based alloys. Therefore, the magnetic field
can have a positive effect on the microstructure and properties of the laser cladding layer.

Nickel-based alloy coating is often used as the raw material for surface coating of parts
in wear-resistant and corrosion-resistant environments because of its good wear resistance
and fatigue resistance [12–14]. However, the conventional laser cladding technology is
prone to cracking and other phenomena in nickel-based coatings. Q345R steel belongs to
the low-alloy steel category, which has excellent welding performance, high strength and
toughness, and low cost. It is widely used in the manufacturing of key components in wind
power. However, the working environment of key components in wind power is harsh,
and wear and corrosion may occur after a period of use. Improving the surface properties
of Q345R steel is crucial for extending the lifespan of key components in wind power.
Therefore, in order to further reduce the defects of the cladding layer and enhance the
microstructure and properties of the nickel-based composite cladding layer, a nickel-based
alloy coating was prepared on a Q345R steel plate by electromagnetic field-assisted laser
cladding technology in this study, and the changes in the surface morphology, microstruc-
ture, phase, hardness, wear resistance, and corrosion resistance of the cladding layer with
different magnetic fields were studied. The research results can provide theoretical guid-
ance and technical support for the manufacture and repair of offshore wind power key
components.

2. Materials and Methods

In the experiment, a Q345R steel plate of 100 mm × 70 mm × 15 mm was used as
the substrate material, and the chemical composition is shown in Table 1. The cladding
material was a nickel-based alloy powder with a particle size of 55~105 µm, whose chemical
composition is shown in Table 2. The coated powder was placed in a drying oven and
dried at 120 ◦C for 1 h to remove moisture and improve fluidity.

Table 1. Chemical composition of Q345R alloy steel (wt.%).

C Si Mn P S Cu Ni Cr Nb

≤0.20 ≤0.55 1.20–1.70 ≤0.025 ≤0.010 ≤0.30 ≤0.30 ≤0.30 ≤0.050

Table 2. Chemical composition of the nickel-based powder (wt.%).

Si Mo Cr B C Fe Cu Mo Ni

4.0 3.0 15.5 3.0 0.75 14.0 2.5 2.5 Bal.

The laser cladding system is a 6 KW fiber laser combined with electromagnetic gen-
erators with different magnetic field intensities. In order to further study the effect of
magnetic field intensity on the properties of laser cladding nickel-based coatings, four
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different magnetic field intensities of 0 T, 4 T, 8 T, and 12 T were set in this study, and
the samples prepared under these different magnetic fields were compared. Based on the
previous experiments, the laser process parameters were optimized: the laser power was
2000 W, scanning speed was 240 mm/min, spot diameter was 3 mm, powder feed rate
was 12 g/min, and argon flow rate was 9 L/min. Therefore, the cladding was carried out
directly at the magnetic field intensity of 0 T, 4 T, 8 T, and 12 T through the optimal process
parameters. After the cladding was finished, the cladding sample was cut into 20 mm ×
10 mm × 10 mm metallographic samples by an electric spark wire cutting machine, and
the surface of the sample was ground with 320-mesh~2000-mesh sandpaper, in turn. The
polishing liquid was 2.5 µm diamond polishing liquid. After polishing, the sample was
blow-dried and then corroded with aqua regia corrosion solution.

The microstructure was analyzed by scanning electron microscopy. The phase of the
laser cladding layer was calibrated and analyzed by X-ray diffraction with the following
parameters: Cu-kα radiation, voltage of 40 kV, current of 40 mA, scanning angle of 20◦ to
80◦, and scanning step of 0.02◦. The hardness test was carried out by a Vickers hardness
tester (HVST-1000Z), the load was 5 N, the loading time was 10 s, and the average value
was measured 5 times at each position. A friction and wear testing machine (HT-1000)
was used to test the wear resistance at room temperature. The grinding material was a
Si3N4 ceramic ball, the load was 10 N, the motor speed was set to 500 r/min, and the
friction radius was controlled at 3 mm. Before the test began, the surface of the cladding
was treated using a grinder and sandpaper (400–2000 mesh). The surface roughness of the
wear test specimens was consistent. The experiment was carried out at room temperature
(25 ◦C) for 30 min. After the wear test, the wear surface was observed through a VKX200
laser confocal microscope to evaluate the friction and wear properties of the coating.

Finally, an electrochemical workstation (CHI760E) was used to test the corrosion
resistance with a 3.5% NaCl solution. The working electrode was the sample, the reference
electrode was saturated calomel, and the auxiliary electrical level was platinum. To bring
the sample to a steady state in solution, an open circuit potential (OCP) test was performed
for 60 min before the AC impedance (EIS) measurement. The AC impedance test used
an AC amplitude of 10 mV and a test frequency range of 105 to 10−2 Hz. Finally, a
potentiodynamic polarization test (PD) was carried out with a scanning rate of 1 mV/s and
a test range of −1 V~1.5 V.

3. Results and Discussion
3.1. Effect of an Electromagnetic Intensity on the Macromorphology of the Cladding Layer

Figure 1 shows the cross-section morphology of the coatings prepared under different
magnetic field intensities. It is found that without a magnetic field, the bonding strength
of the coating is low, and the coating cracks are obvious. With an increase in magnetic
field intensity, the cracks gradually decrease. No obvious cracks appear at a high magnetic
field intensity. This is because with the assistance of the magnetic field, the mass and heat
transfer of the molten pool is strengthened, and the temperature gradient is reduced, so the
cladding layer is cooled and solidified uniformly, the pores escape from the molten pool
upward [15], and the residual stress generated during the cladding process is reduced, thus
reducing the occurrence of cracks [16]. It can be seen from the figure that the width of the
coating gradually increases under the action of a stable magnetic field compared with no
magnetic field, from 4.02 mm under 0 T to 4.25 mm under 12 T, and the dilution rate and
aspect ratio also show increasing trends. With an increase in magnetic field intensity, the
effect is more obvious.
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Figure 1. Cross-sectional morphologies of the coatings under different magnetic field intensities: (a)
0 T; (b) 4 T; (c) 8 T; (d) 12 T.

3.2. Effect of Electromagnetic Intensity on the Phase Composition of the Cladding Layer

The phase composition of the cladding layer prepared under different magnetic fields
is shown in Figure 2. It can be seen in Figure 2 that the four cladding layers all produce
diffraction peaks at the same position, and the main phases in the coating are γ-Ni, M7C3,
M2B (M: Cr, Fe), CrB, and Ni3B. The external stable magnetic field does not change the
phase composition of the coating. It can be seen in Figure 2a that the grain size of the
cladding layer decreases after the magnetic field is added, according to the Debye–Scherrer
formula [17]. Compared with the diffraction peak of the cladding layer prepared at 0 T, the
diffraction peaks of the cladding layers prepared at 4 T, 8 T, and 12 T are slightly left offset.
The amplified diffraction peaks of γ-Ni on the (111), (002), and (022) crystal planes are
shown in Figure 2b–d [18]. With the increase in magnetic field intensity, the peak position
of γ-Ni on these three crystal planes moves to a lower angle. This is because after the
addition of magnetic field assistance, the internal temperature gradient of the cladding
layer decreases, and the thermal stress of the cladding layer changes greatly, which results
in different degrees of lattice distortion inside the four cladding layers [9,19]. That is to say,
the lattice constant of the γ-Ni solid solution matrix changes. The γ-Ni solid solution has a
face-centered cubic structure; the expression of lattice spacing in the cubic crystal system
is mentioned in the reference [11], and the expression of lattice constant can be obtained
from Bragg equation 2dsinθ = nλ [20]. The particle size is calculated by the Debye–Scherrer
formula. According to the calculated results, the lattice constant increases, and the grain
size decreases with the increase in magnetic field intensity.
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3.3. Effect of an Electromagnetic Intensity on the Microstructure

The microstructure of the cladding layer is shown in Figure 3. It can be seen in Figure 3
that the microstructure of the cladding layer under different magnetic field intensities
is similar, mainly composed of the matrix structure of gray A, the precipitated phase of
massive B, the precipitated phase of strip C, and the eutectic structure of grayish-white
D. The microstructure of gray phase A is equiaxed. Combined with the XRD results in
Figure 2a, it is inferred to be γ-Ni by reference to the high Ni content in place A shown in
Table 3. The black massive phase B is rich in Cr and B elements, and, combined with the
position of the diffraction peak in Figure 2, it is inferred that it is hard phase CrB. The strip
precipitated phase C is rich in Cr, and the contents of Fe and B elements do not decrease
significantly in these regions; the grayish-white phase D is distributed near the nickel base
matrix. Combined with the position of the diffraction peak in Figure 2, it can be inferred
that it is CrFeB and Ni-B-Si eutectic, with reference to the EDS content results in Table 3. In
addition, the gray phase A is solidly dissolved by Fe and other elements. As can be seen
from the content of the Fe element at A in Table 3, the matrix phase A is also often referred
to as a γ- (Ni, Fe) matrix. It can be seen from Figure 3a that without the assistance of a
magnetic field, the massive hard phase of CrB is large and dispersed, and the strip phase C
has a large size. The grain sizes of the massive phase B and strip phase C are significantly
refined [20,21], and the eutectic phase D also gradually increases when a steady magnetic
field is added. As can be seen from Figure 3c, the addition of a magnetic field causes some
hard phase CrB grains to begin to distribute in clusters. With the increase in magnetic field
intensity, the cluster phenomenon becomes more obvious and gradually shifts toward the
steady magnetic field, resulting in segregation. This is because the electromagnetic braking
effect reduces the speed of convection, resulting in a serious segregation of tissues. In
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addition, the electromagnetic damping phenomenon causes the deflection of ferromagnetic
CrB under the influence of electromagnetic force [22].
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Table 3. EDS point of the cladding layer (wt.%).

Spot Scanning
Position

Element/Mass Fraction wt.%

Cr B C Si Fe Ni

A 4.00 3.89 9.02 3.11 15.67 Bal.
B 62.01 12.44 8.26 0.24 4.38 Bal.
C 45.28 2.72 10.98 0.88 6.86 Bal.
D 13.98 1.35 9.65 1.45 12.35 Bal.

Figure 4 shows the mapping results of some elements in the middle–upper parts of
the cladding layer at 0 T and 12 T. In order to observe the segregation phenomenon of hard
phase CrB more obviously, the Ni, Cr, and B elements in the two coatings were analyzed. It
can be seen from the figure that the addition of the magnetic field leads to a more uneven
distribution of Cr and B elements, which enhances the segregation phenomenon of the Cr
and B elements. The results are similar to those of the microstructure observation.
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3.4. Effect of an Electromagnetic Intensity on the Microhardness

The average hardness of the four cladding layers is shown in Figure 5. It can be
seen from the hardness results that the hardness of the coating increases with the in-
crease in the magnetic field intensity. The hardness reaches the maximum at 8 T with an
average hardness of 944 HV0.5, but when the magnetic field intensity reaches 12 T, the
hardness decreases to 874 HV0.5, which is below the hardness at 0 T of 908 HV0.5 and 4 T of
910 HV0.5. It can be concluded that within a certain range of magnetic field intensity, the
coating hardness increases with the increase in magnetic field intensity, and the change in
microhardness is closely related to the microstructure of the coating [23]. The microhard-
ness of hard phase CrB is approximately 2185 ± 235 HV [24]; the increase in microhardness
is promoted by the grain refinement and cluster aggregation of hard phase CrB [25,26]. In
addition, with the increase in magnetic field intensity, the decrease in coating cracks also
contributes to the increase in the microhardness of the cladding layer [27].
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3.5. Effect of an Electromagnetic Intensity on the Wear Resistance

Figure 6 shows the coefficient of friction (COF) of the nickel-based coating under
different magnetic field intensities. As can be seen from the COF curve, the wear process
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can be divided into two typical stages: (1) the rapid rise stage; and (2) the stable wear
stage [28]. It can be seen in the figure that the average COF of the coating prepared at 0 T is
the largest at 0.31, and the COF gradually decreases with the increase in the magnetic field
intensity. In the rapid rise stage, the COF is very small because the surface of the sample
is smooth, the Si3N4 grinding ball is in point contact with the surface, and the stress is
large. With the progress of the friction, the grinding ball is subjected to very large resistance.
At this time, the COF rapidly rises to the maximum value of the entire wear stage, with
violent fluctuations. When the friction and wear process is carried out for about 5 min,
the contact mode changes from point contact to surface contact, and the friction and wear
enter the stable stage, at which time the COF is relatively stable. First, the grinding ball
will cut the softer material to form a scratch, and the grinding ball will further remove the
sample material as the friction loss process progresses. As can be seen from the figure, the
average COF of the coating at 12 T is 0.29, which is 6.5% lower than that of the coating at
0 T. Combined with Figure 3a, it can be seen that the size of the γ-Ni matrix phase and
CrB are relatively large in the coating prepared without a stable magnetic field. When the
stable magnetic field is applied, the grain size of the γ-Ni matrix and hard phase CrB is
refined, and some CrB grains are distributed in clusters, which improves the hardness of
the coating. In addition, during the wear process, the hard phase of these clusters is broken
under the grinding ball pressure to form grinding chips, resulting in an anti-wear effect
and thus reducing the COF of the coating [3]. During wear, the oxide film on the surface of
the coating is continuously produced and removed to lubricate the surface. It can also be
seen in Figures 3 and 5 that surface grain refinement increases the hardness of the coating,
decreases the plastic deformation, and increases the wear resistance [29].
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In order to better evaluate the friction and wear properties of the coating under
different magnetic field intensities, the wear mark width of the sample was observed and
measured, and the results are shown in Figure 7. The wear-width values of all the samples
were measured by scanning electron microscopy. In order to ensure the accuracy of the
data, each sample was measured three times to take the average value. As shown in the
figure, the measured average widths of the wear marks are 343 µm, 240 µm, 236 µm, and
226 µm, respectively. The average widths of the coating wear marks under the magnetic
field are significantly reduced compared with those without the magnetic field, and the
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width of the coating wear marks decreases with the increase in magnetic field intensity.
The width is narrowest at 12 T, which is 34.3% less than that without the magnetic field.
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In order to further reveal the wear mechanism of the nickel-based cladding layer,
the wear surface of the cladding layer with the highest hardness was analyzed by point
scanning. Figure 8 shows the wear surface topography of the cladding layer at 8 T. As
shown in the figure, there were many spalling areas and obvious grooves and adhesives on
the wear surface. During the wear process, the plastic deformation of the cladding layer is
obvious because the hardness is lower than the Si3N4 grinding ball, which results in the
formation of a long strip of spalling area on the surface. With the progress of wear, part
of the stripped material will be extruded to form new wear fragments, resulting in wear
particle wear, and part of the stripped material will adhere to the cladding layer and the
grinding ball, resulting in adhesive wear, which further aggravates the surface wear of
the cladding layer [30]. At the same time, according to the EDS point-scanning results in
Table 4, it can be seen that both the spalling area and the adhesion area contain oxygen
elements. Combined with the generation of an oxide layer, it can be inferred that the
cladding layer has oxidative wear. Therefore, it can be inferred that the wear mechanisms
of the cladding layer are abrasive wear, adhesive wear, and oxidation wear [31].



Metals 2024, 14, 998 10 of 16Metals 2024, 14, x FOR PEER REVIEW  10  of  17 
 

 

 

Figure 8. Wear surface morphology and EDS point-scanning area of the cladding layer at 8 T. 

Table 4. Results of EDS point on the wear surface of the cladding layer. 

Element 

(wt.%) 

Point 

1  2  3 

C  20.00  17.01  12.16 

O  5.38  0.07  17.04 

Si  3.10  2.52  3.77 

Cr  9.33  16.11  15.32 

Fe  11.46  12.89  10.49 

Ni  50.72  49.41  41.23 

Figure 9 shows the three-dimensional macroscopic morphology of the nickel-based 

coating wear surface under different magnetic field intensities. It can be seen in the figure 

that the wear marks are roughly circular arcs with a high side and low middle, which is a 

typical  shape  formed by  steel ball  intrusion  samples. As  can be  seen  in Figure 9a,  the 

marks are relatively smooth, which is because the coating is relatively uniform at 0 T, and 

the resistance to the grinding ball in the process of friction and wear is relatively small, so 

it presents a symmetrical arc in the depth direction. In the wear process, γ--Ni and hard 

phase CrB in the middle–upper parts of the coating have higher hardness and bonding 

strength, which protects part of the coating from being cut by friction pairs. This further 

explains the reason for the decrease  in the wear of nickel-based coating assisted by the 

magnetic field. 

The wear volume, ∆V, and wear rate, ω, of the nickel-based coating assisted by dif-

ferent magnetic field intensities are shown in Figure 10. The wear rate (ω) can be calcu-

lated by formula (1) [13]: 

ω = ∆V/Pt  (1)

where ∆V (mm3) represents the wear volume, P (N) represents the load, and t (s) repre-

sents the wear time. 

With the increase in magnetic field intensity, the wear volume gradually decreases, 

and the wear volume of the coating at 12 T decreases by 81.13% compared with that at 0 

T, which  indicates  that  the wear resistance of  the coating  is  further  improved with  the 

addition of magnetic field assistance, and the wear resistance is also improved with the 

increase in magnetic field intensity. 

Figure 8. Wear surface morphology and EDS point-scanning area of the cladding layer at 8 T.

Table 4. Results of EDS point on the wear surface of the cladding layer.

Element (wt.%)
Point

1 2 3

C 20.00 17.01 12.16
O 5.38 0.07 17.04
Si 3.10 2.52 3.77
Cr 9.33 16.11 15.32
Fe 11.46 12.89 10.49
Ni 50.72 49.41 41.23

Figure 9 shows the three-dimensional macroscopic morphology of the nickel-based
coating wear surface under different magnetic field intensities. It can be seen in the figure
that the wear marks are roughly circular arcs with a high side and low middle, which is
a typical shape formed by steel ball intrusion samples. As can be seen in Figure 9a, the
marks are relatively smooth, which is because the coating is relatively uniform at 0 T, and
the resistance to the grinding ball in the process of friction and wear is relatively small, so
it presents a symmetrical arc in the depth direction. In the wear process, γ--Ni and hard
phase CrB in the middle–upper parts of the coating have higher hardness and bonding
strength, which protects part of the coating from being cut by friction pairs. This further
explains the reason for the decrease in the wear of nickel-based coating assisted by the
magnetic field.

The wear volume, ∆V, and wear rate, ω, of the nickel-based coating assisted by
different magnetic field intensities are shown in Figure 10. The wear rate (ω) can be
calculated by formula (1) [13]:

ω = ∆V/Pt (1)

where ∆V (mm3) represents the wear volume, P (N) represents the load, and t (s) represents
the wear time.

With the increase in magnetic field intensity, the wear volume gradually decreases,
and the wear volume of the coating at 12 T decreases by 81.13% compared with that at
0 T, which indicates that the wear resistance of the coating is further improved with the
addition of magnetic field assistance, and the wear resistance is also improved with the
increase in magnetic field intensity.
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3.6. Effect of an Electromagnetic Intensity on Corrosion Resistance

Figure 11 shows the potentiodynamic polarization curve of the cladding layer under
four magnetic field intensities, and the corresponding electrochemical corrosion parameters
are shown in Table 5. Among them, the more positive the corrosion potential (Ecorr),
the smaller the corrosion current density (Icorr), which means the better the corrosion
resistance of the coating [32]. Generally, the corrosion current density is the main param-
eter to judge the corrosion resistance. It can be seen from the figure that the coatings
show similar curve trends under different stable magnetic field intensities. The corrosion
potentials of the coatings with different stable magnetic field intensities are −0.655 V,
−0.617 V, −0.498 V, and −0.597 V, respectively. With the increase in magnetic field intensity,
the corrosion current density decreases gradually from 3.527 × 10−6 A·cm−2 at 0 T to
1.985 × 10−6 A·cm−2 at 8 T, a decrease of nearly half, reaching 43.7%. It shows that the
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corrosion resistance of the coating increases with the increase in magnetic field intensity in
a certain range.
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Figure 11. (a) Potentiodynamic polarization curve under different stable magnetic field intensities;
(b) illustration of corrosion current density determination by Tafel plot.

Table 5. Electrochemical corrosion parameters under different stable magnetic field intensities.

Magnetic Field
Intensity Icorr/(A·cm−2) Ecorr/V βc/(V/decade)

0 T 3.527 × 10−6 −0.655 −0.13569
4 T 3.059 × 10−6 −0.617 −0.14888
8 T 1.985 × 10−6 −0.498 −0.29783
12 T 2.362 × 10−6 −0.597 −0.13841

In order to further verify the influence of different magnetic fields on the corrosion
resistance of the nickel-based coating, electrochemical impedance spectroscopy (EIS) anal-
ysis was conducted, and an equivalent circuit model, R(QR), was established, as shown
in Figure 12d. Where Rs represents the corrosion solution resistance between the two
electrodes, CPE represents the constant phase element used to replace the capacitor, and
Rct represents the charge transfer resistance. Figure 12a shows the Nyquist curves of
the coatings prepared under different stable magnetic field intensities, which are roughly
parabolic in shape. The radius of the capacitor arc in the parabola indicates the degree
of corrosion reaction between the cladding layer and the electrolyte interface. The larger
the radius, the larger the impedance and the better the corrosion resistance. It can be seen
from the figure that the cladding layer shows a larger capacitive arc radius under high
magnetic field intensity, which means better corrosion resistance. Figure 12b is the mode
value diagram of the coatings with different stable magnetic field intensities, and Figure 12c
is the phase angle diagram of the coatings prepared with different stable magnetic field
intensities. Generally speaking, the larger the impedance modulus, |Z|, and the larger the
phase angle, the better the corrosion resistance of the material [33]. The osmotic resistance
of the material is represented by the amplitude of the phase angle in the figure. Therefore,
a higher phase angle indicates that the coating has better corrosion resistance. As can be
seen in the figure, the curve impedance modulus |Z| and curve phase angle value of the
sample prepared under a low-frequency band and high magnetic field intensity are higher,
which indicates that there is a denser passivation film at the corrosion interface, and it has
better corrosion resistance. Figure 12d shows the equivalent circuit fitted to the EIS data of
samples at four magnetic field intensities. The EIS fitting results are shown in Table 6. The
constant phase element (CPE) is used to replace the capacitive element, n is the exponential
term in the constant phase angle element, the resistance of 3.5wt %NaCl solution between
the working electrode and the reference electrode is represented by Rs, Rct represents the
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charge transfer resistance, and ∑χ2 is the fitting error. It can be seen from Table 6 that the
Rct of the sample at high magnetic field intensity is larger than that at low magnetic field
intensity, indicating that the addition of a magnetic field can enhance corrosion resistance.
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Figure 12. Impedance spectra under different stable magnetic field intensities: (a) Nyquist diagram;
(b) mode diagram; (c) phase angle diagram; (d) equivalent circuit.

Table 6. EIS fitting results under different stable magnetic field intensities.

Magnetic
Field

Intensity

Rs
(Ω·cm2)

CPE
(Ω−1·sn·cm−2) n Rct

(Ω·cm2) ∑χ2

0T 7.303 5.507 × 10−5 0.841 2.113 × 103 1.818 × 10−3

4T 7.383 5.71 × 10−4 0.8084 2.306 × 104 1.716 × 10−3

8T 6.884 4.648 × 10−5 0.8395 2.738 × 104 3.481 × 10−3

12T 7.313 4.422 × 10−4 0.8373 3.254 × 104 2.429 × 10−3

This may be due to the uneven distribution of phases and elements in samples without
electromagnetic assistance, which will aggravate corrosion and greatly reduce the corrosion
resistance of the material. The introduction of a magnetic field will not only make uniform
the distribution of elements in the nickel-based coating but also increase the number of
grains, thus increasing the grain boundary. Generally speaking, the corrosion is generally
carried out along the grain boundary [34]. Grain boundaries represent corrosion channels,
and the increase in corrosion channels will reduce the corrosion resistance of the cladding
layer. However, the magnetic field-assisted suppression of element segregation in the
cladding layer improves the uniformity of elements and reduces the number of local micro-
galvanic cells [35]. At this time, due to the increase in grain boundaries, the growth of
the passivation film accelerates, which hinders the progress of the anode reaction, and the
overall corrosion current density decreases. At the same time, after the addition of the
magnetic field, the matrix phase γ-Ni and hard phase CrB have high bond strength [36].
The uniform structure and element distribution improve the permeability resistance of the
electrolyte, making it difficult for corrosive liquid to penetrate the structure, and ultimately
improve its corrosion resistance [37,38]. This is consistent with the results of the phase angle
and wear resistance test. Corrosion can be clearly defined as eight different types: uniform,
galvanic, erosion, intergranular, dealloying, crevice, environmentally induced cracking,
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and pitting corrosion [39,40]. According to the corrosion process, it can be concluded that
the sample mainly experienced intergranular and galvanic corrosion.

4. Conclusions

In this paper, the macroscopic morphology, phase composition, microstructure, micro-
hardness, wear resistance, and corrosion resistance of laser cladding nickel-based coating on
Q345R steel with the assistance of different magnetic field intensities are mainly analyzed.
The main results are as follows:

(1) With the increase in magnetic field intensity, the bonding strength of the cladding
layer increases, and the width increases gradually from 4.02 mm at 0 T to 4.25 mm at
12 T. The crack phenomenon decreases gradually, and the dilution rate increases.

(2) Magnetic field-assisted laser cladding will not change the phase composition of the
cladding layer, but the position of the diffraction peak will shift to lower angles due to
the different degrees of lattice distortion. With the increase in magnetic field intensity,
some of the microstructure of the coating is refined, and the hard phase CrB tends to
form clusters.

(3) The microhardness of the coating with magnetic field assistance increases compared
with that without magnetic field assistance and reaches the maximum at 8 T, which is
944 HV0.5. The microhardness at 12 T does not increase but decreases and is lower
than the other three coatings.

(4) With the assistance of the magnetic field, the COF of the coating decreases with the
magnetic field intensity. The average COF of the coating at 12 T is 0.29, which is 6.5%
lower than that at 0 T. With the increase in magnetic field intensity, the wear width,
wear volume, and wear rate of the coating gradually decrease. The wear volume
decreases by 81.13% at 12 T compared with that at 0 T.

(5) The current corrosion density of the coating decreases with the increase in the mag-
netic field intensity, and the corrosion potential reaches its maximum at 8 T. At low
frequency and high magnetic field intensity, the coating has larger amplitude modulus
and phase angle, indicating the enhancement of its corrosion resistance.
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