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Abstract: Pneumatic conveying pipe is an important part of the coal industry. Its working environ-
ment is harsh, and it is mainly affected by serious wear and corrosion, which affects its operating
life. Studying a method of strengthening the pipe wall of pneumatic conveying pipe is of great
significance. In this paper, nickel-based alloy coatings with different WC (tungsten carbide) contents
were prepared using an oscillating laser-cladding process, and the micro-characterization charac-
teristics, wear resistance and corrosion resistance of the laser-cladded layer were discussed. The
main conclusions are as follows: The microstructure of the laser-cladded layer gradually grows from
the plane crystals and cellular crystals at the bottom to the relatively coarse columnar crystals in
the middle, and finally to a large number of equiaxed crystals in the upper part. Moreover, with
an increase in WC content, more fine equiaxed crystals are formed, mainly due to the decrease in
temperature gradient with the increase in distance from the fusion line. Also, with an increase in WC
content, the hardness and wear resistance of the nickel-based alloy are improved. When 20% WC is
added, the laser-cladded layer shows the best corrosion resistance in 3.5 wt.% NaCl solution, and
its polarization resistance is 16% lower than that when 10% WC is added. This study provides a
technical reference for improving the operating life of pneumatic conveying pipelines.

Keywords: oscillating laser cladding; WC content; nickel-based coating; wear resistance; corrosion
resistance

1. Introduction

Coal has always been the backbone of China’s energy structure, with its coal industry
being a global leader and ranking third in the world. The coal industry is an important
economic sector that is crucial to the national economy and a significant component of
national economic development. An efficient underground transportation system is an
essential part of coal mining, as it ensures operational safety, improves efficiency, and
reduces production costs [1]. Currently, pneumatic conveying through pipelines has been
widely used as a safe, clean, and environmentally friendly method for transporting coal
powder and small particles. However, it should be noted that during the transportation of
particles along the pneumatic pipeline, the scraping effect of the material and the erosion
of the corrosive material, as well as improper pipeline design, can cause significant wear at
the bends of the pipeline due to changes in the direction of movement, leading to severe
damage [2]. Additionally, pipelines used for pneumatic conveying are prone to corrosion
due to their prolonged exposure to a humid environment, resulting in seal failures and
significantly affecting the service life of the pipelines [3].

Laser cladding is a novel surface-enhancement technique that forms a coating with
specific properties on the surface of the substrate material [4–6]. By adjusting the param-
eters, the density and shape of the coating can be controlled, thereby improving aspects
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of performance of the coated surface, such as wear resistance, corrosion resistance, and
thermal stability [7–9]. Compared to other traditional surface-treatment techniques, such
as thermal spraying and surfacing welding, laser cladding offers advantages such as a high
cooling rate, low dilution rate, low deformation, dense microstructure, wide selection of
alloy powders, and good flexibility [10–12]. It has found applications in various industries
such as aerospace, automotive, marine, chemical, electronics, medical, and high-end manu-
facturing [13,14]. Ning et al. [15] used underwater wire-feeding laser-cladding technology
to prepare an in situ laser-cladded layer of nickel–aluminum bronze directly in the water
environment. A local dry cavity was generated by the self-designed underwater laser-
cladding nozzle to protect the cladding area from the water environment. Hu et al. [16]
utilized laser cladding to deposit a nickel-based WC composite powder on the surface of a
TBM cutter ring, aiming to prolong the service life of the cutter. The presence of spherical
WC particles, as well as decomposed WC and W2C small particles, effectively hindered the
pressing and ploughing of hard rock particles, thus improving the tribological properties
of the TBM cutter ring. Shi et al. [17] prepared a coating on the surface of brake discs by
employing laser cladding with nickel-based alloy powders. By comparing the amount of
wear before and after the coating, it was found that the coating exhibited superior wear
resistance. These results indicate that laser-cladded nickel-based coating is an effective
means to enhance the tribological performances of brake discs. This research shows that
laser cladding has become an important process in the field of surface repair and processing.

In order to improve wear resistance and corrosion resistance, a new method involves
adding reinforcing particles into nickel-based coatings. Currently, ceramic particle (such
as TiC, SiC, etc.)-reinforced cobalt-based [18,19], nickel-based [20,21], or Fe-based [22,23]
alloy coatings prepared using laser cladding are widely used. Research on strengthening
nickel-based alloy coatings with high-hardness-WC ceramic particles has also gradually
emerged as a research hotspot. Wu et al. [24] established a three-dimensional finite ele-
ment model of double-channel double-layer laser cladding, based on the thermophysical
properties of Ni60A-25% WC powder and the design of a double-ellipsoid heat-source
model. The simulation results showed that the laser power was proportional to the temper-
ature and the residual compressive stresses in all the paths, and the scanning speed was
inverse. Wu et al. [25] prepared a single Fe/WC laser-cladded layer, a composite coating
of Fe/WC cladding, and a Ni60 transition coating on the surface of 60Si2Mn spring steel
using a laser-cladding technology. The experimental results showed that the added Ni60
transition coating reduces the possibility of generating pores and cracks in the Fe/WC
composite coating, and the diffusion of the Ni element reduces the microhardness of the
laser-cladded layer and increases the average friction coefficient and wear volume of the
Fe/WC-composite coating. Liu et al. [26] used laser cladding to fabricate Ni50 and Ni50-
WC coatings. These results show that the addition of WC improves its microhardness,
corrosion resistance and wear resistance.

The objective of this study is to improve the surface performance of pneumatic con-
veying pipelines through laser-cladding technology. The focus of this research is on the
influence of the WC content on the microstructure characteristics, microhardness, wear re-
sistance, and electrochemical corrosion performance of laser-cladded nickel-based coatings.
The research results are expected to provide a theoretical basis and technical support for
improving the surface performance of pneumatic conveying pipelines.

2. Materials and Methods

Q345R steel was chosen as the base material. Due to its excellent performance, Q345 R
steel is commonly used as a material for pressure pipelines and is widely used in petroleum,
chemical, mining and other industrial fields [27]. The dimensions of the specimens without
surface strengthening treatment were 100 mm × 100 mm × 12 mm. The chemical composi-
tion of Q345R steel is shown in Table 1. Before conducting the laser-cladding experiment,
the samples need to be polished to remove surface oxides and cleaned with anhydrous
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ethanol to remove impurities and oil stains from the surface of the Q345R steel. The Q345R
steel substrate should be placed in a vacuum drying oven for 3 h to remove moisture.

Table 1. Chemical composition of Q345R.

C Si Mn P S Al Fe

≤0.20 ≤0.55 1.20–1.60 ≤0.025 ≤0.010 ≥0.020 Bal.

An Ni-based alloy powder with a particle size of 53–105 µm was selected as the laser-
cladding material, and the powder was dried before the experiment for subsequent use. To
further improve the wear and corrosion resistance, nickel-coated WC powder with different
contents (particle size: 44–105 µm) and 0.5 wt.% of rare earth (CeO2) were added. Different
WC contents (mass ratios of 10%, 20%, 30%, and 40%) of the nickel-based alloy powder
were mixed with a ball-to-powder ratio of 2:1 and placed in a ball mill. The ball-milling
speed was 100 r/min, and the ball-milling time was 2 h. Depending on the WC content
(10%, 20%, 30%, and 40%), the prepared Ni/WC composite powders were uniformly mixed
and named D-1, D-2, D-3, and D-4, respectively.

A nickel-based alloy coating was prepared using the YLS-3000 fiber laser-cladding
equipment. The laser power, laser scanning speed, and powder feeding rate were optimized
based on the criteria of a defect-free characteristic and good bonding between the composite
coating and substrate. Under the experimental conditions, the optimal process parameters
for laser processing were determined as follows: a dual-circle oscillating pattern with an
oscillating frequency of 60 Hz and an oscillating diameter of 1.5 mm, a laser power of
1000 W, a laser scanning speed of 240 mm/min, a powder feeding rate of 7 g/min, and the
use of Ar gas as the shielding gas.

After laser cladding, the samples were cut into 10 mm × 10 mm × 1.5 mm cubes using
spark cutting method. After grinding and polishing, metallographic samples were prepared
and the samples were corroded with aqua regia (VHCl:VHNO3 = 3:1). A scanning electron
microscope (SEM, JSM-IT 200, JEOL Ltd., Tokyo, Japan) equipped with energy dispersive
spectroscopy (EDS, JEOL Ltd., Tokyo, Japan) was used to observe the microstructure of the
laser-cladded layer surface. Microhardness testing was performed using an HVST-1000Z
semi-automatic Vickers hardness tester. A load of 200 N was applied for 15 s, and 3 sets of
data were collected and averaged. Friction coefficient measurements were carried out using
an MDW-05 high-frequency reciprocating wear tester. The Si3N4 balls with a diameter
of 5 mm were selected as the grinding balls, with parameters set as follows: a frequency
of 2 Hz, an axial force of 30 N, and a wear time of 30 min. Electrochemical performance
testing was conducted using an electrochemical workstation. The samples were immersed
in 3.5 wt.% NaCl electrolyte for 1 h, and then subjected to potentiodynamic polarization
testing at a scan rate of 2 mV/s, with a polarization potential of −0.8 V_SCE for a duration
of 10 min. The steady-state polarization open-circuit-potential stripping experiment was
performed in the potential range of −2 V to 2 V for 30 min.

3. Results and Discussion
3.1. Microstructure

Figure 1 shows the morphology of the cross-section of the single oscillating laser-
cladded layer under different WC contents. From Figure 1, it can be observed that all four
groups of laser-cladded layers exhibit obvious WC particles and slight defects. Additionally,
there is a distinct bright band at the interface between the laser-cladded layer and the heat-
affected zone (HAZ), where the laser-cladded layer exhibits a smooth and continuous
surface contour line with minimal amounts of slag [28,29], indicating a good metallurgical
bond between the laser-cladded layer and the substrate.
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Figure 1. Morphology of laser-cladded layer cross section with different WC contents: (a) D1 coatings;
(b) D2 coatings; (c) D3 coatings; and (d) D4 coatings.

The dilution rate and aspect ratio are important parameters used to evaluate the
performance indicators of laser-cladded layers. The dilution rate refers to the extent of
changes in the composition of the cladding alloy caused by the mixing of the melted
substrate during laser cladding, which can be expressed as the percentage of the substrate
alloy in the total laser-cladded layer. In general, a high dilution rate can lead to the
cracking and deformation of the laser-cladded layer, while a low dilution rate can result
in poor adhesion between the laser-cladded layer and the substrate, thereby affecting the
overall performance of the laser-cladded layer. Therefore, the dilution rate is an important
parameter to characterize the laser-cladded layer [30]. The aspect ratio refers to the ratio
between the width and depth of the cladding area obtained through laser cladding, which
can affect the cladding quality and efficiency. If the aspect ratio is too large or too small, it
may lead to uneven or incomplete melting during the cladding process, thereby affecting
the processing quality and efficiency [31]. Figure 2 shows the geometric characteristics of
the cross section of the laser-cladded layer, and the calculations of the geometric dilution
rate and aspect ratio are given by Equations (1) and (2).

η =
h

H + h
× 100% (1)
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σ =
W
H

(2)
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Figure 2. Laser-cladded layer cross section geometric morphology.

In the equation, η represents the dilution rate, w represents the width of the laser-
cladded layer, H and h represent the height and depth of the laser-cladded layer, respectively,
and σ represents the aspect ratio of the laser-cladded layer.

Subsequently, the width (w), height (H), depth (h), dilution rate (η), and aspect ratio
(σ) of the laser-cladded layer were calculated based on the scale, as shown in Table 2 and
Figure 3. According to the table, with the increase in WC content, the overall trend of the
laser-cladded layer’s height (H) and depth (h) initially increased and then decreased, while
the dilution rate and aspect ratio exhibited a decreasing trend followed by an increasing
trend. When the WC content was 30%, the dilution rate was at its minimum. This is
because the addition of WC reduces the specific energy required for laser cladding of
the same thickness coating when the WC content is low, resulting in an increase in the
laser-cladded layer’s height and a decrease in its depth, and thereby reducing the dilution
rate [32]. However, as the WC content continues to increase, the specific energy required
for laser cladding of coating of the same thickness increases, leading to a decrease in the
laser-cladded layer’s thickness and depth, and resulting in an increase in the dilution rate
of the laser-cladded layer.

Table 2. Parameters of the laser-cladded layer.

Specimen H/µm h/µm w/µm η/% σ

D-1 426 285.2 3283.4 40.1 7.708
D-2 622.8 321.4 3254.5 34.1 5.225
D-3 537.5 262.5 3170 32.8 5.898
D-4 305 190 3040 38.3 9.967

Figure 4 shows the microstructure of the laser-cladded layer at its interface with the
substrate. From Figure 4, it can be observed that the microstructure of the laser-cladded
layer changes from plane crystals and dendritic crystals near its interface with the substrate,
gradually transforming into columnar crystals, and finally transitioning to equiaxed crystals
in the upper region [33]. The main reason for this is the synergistic effect of the temperature
gradient (G) and solidification rate (R) in determining the grain morphology [34]. During
the initial stages of solidification at the interface between the laser-cladded layer and
the substrate, the laser-cladding process involves rapid heating and rapid cooling. At
this stage, the temperature gradient G is the largest, but the solidification rate R is the
smallest, resulting in no undercooling [35]. The heat released during solidification flows
entirely towards the substrate, and due to the similarity in chemical composition between
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the laser-cladded layer material and the substrate, there is a small surface tension at the
interface, resulting in slower growth and the formation of plane crystals. As solidification
progresses, the temperature gradient G at the solidification interface decreases, and the
solidification rate R increases, leading to increased undercooling. At this stage, the grains
have sufficient growth time, resulting in the formation of columnar crystals. The growth
direction of the grains is along the heat dissipation direction, which is perpendicular to
the interface between the laser-cladded layer and the substrate. As a result, columnar
crystals grow in the direction perpendicular to the interface [36]. With a further increase
in undercooling, i.e., a decrease in G and an increase in R, nucleation occurs not only at
the solidification interface but also within the liquid metal. The distribution of nuclei is
uniform, and the growth of these grains is restricted by the surrounding grains, leading
to the formation of equiaxed crystals [37]. Additionally, the high thermal conductivity of
WC and its dispersion within the molten pool can change the heat dissipation conditions
during solidification, leading to a transformation in the overall grain morphology of the
composite coating. Therefore, with an increase in WC content, the equiaxed crystals formed
in the laser-cladded layer become finer and more uniform [38].
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3.2. Phase Composition

Figure 5 shows the XRD patterns of the coatings with different contents of WC added.
All coatings were found to contain γ-(Fe,Ni), WC, W2C, M23C6, and M7C3 phases, indi-
cating the successful embedding of WC particles into the WC nickel-based coating. The
diffraction peaks of γ-(Fe,Ni) grains in the D1 laser-cladded layer were the highest and
narrowest. On the other hand, the diffraction peaks of the γ-(Fe,Ni) grains in the D4
laser-cladded layer were weaker and broader, indicating a finer coating structure. It can
also be observed that as the WC content increased, the diffraction peaks became weaker
and broader, indicating the strengthening effect of the fine crystalline structure with the
addition of WC. These findings are consistent with the microstructure observations.
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3.3. Microhardness

Figure 6 shows the surface hardness map of laser-cladded layers with different WC
contents. From the hardness map, it can be observed that the coating with a 10% WC
content had the lowest hardness, with a value of only 290.24 HV. As the WC content
increased, the hardness of the coating gradually increased. When the WC content reached
40%, the average hardness could reach 474.8 HV, indicating that an increase in WC content
can enhance the hardness of the laser-cladded layer. This can be attributed to the following
reasons: Firstly, WC particles themselves are very hard (around 2600 HV) and do not
completely dissolve in the composite coating, maintaining a better reinforcement effect.
Secondly, as some WC particles dissolve in the matrix phase, they contribute to the solid
solution strengthening of the matrix, thereby increasing the microhardness of the laser-
cladded layer. Finally, with an increase in WC content, the grain structure of the laser-
cladded layer becomes finer, resulting in increased grain-boundary strengthening and the
improved microhardness of the laser-cladded layer [39].

3.4. Wear Property

Figure 7 shows the friction coefficient curves of laser-cladded layers with different WC
contents, and Figure 8 presents the calculated average friction coefficients. From Figure 6,
it can be observed that the friction coefficient curves under different WC contents exhibit
a stable fluctuation trend within a certain range, but with varying initial steepness levels.
It is worth noting that the friction coefficients of the specimens may experience sudden
changes in some cases, and the friction coefficients of coatings often show peaks or valleys
over time. This is because during the friction and wear process of the coatings, the complex
and uneven distribution of the coating composition leads to different local microstructures
and friction coefficients [40]. Therefore, when the Si3N4 ball friction passes through these
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regions, sudden changes in the friction coefficient occur. The uneven distribution of W
elements and residual WC particles caused by the addition of WC particles also exacerbate
this phenomenon of friction coefficient variation [41]. After 20 min, the friction coefficient
of the sample with a 10 wt.% WC content fluctuated steadily between 0.3 and 0.4, with an
average friction coefficient of 0.432. The coating of the sample with 20 wt.% WC content
exhibited the highest friction coefficient, eventually fluctuating between 0.4 and 0.5, with
an average friction coefficient of 0.447. The friction coefficient of the sample with 30 wt.%
WC content fluctuated steadily between 0.3 and 0.4, with an average friction coefficient of
0.361. The friction coefficient of the sample with 40 wt.% WC content fluctuated steadily
between 0.2 and 0.4, with an average friction coefficient of 0.335. This is consistent with
previous findings by Hu et al. [42], where the addition of WC showed a trend of initially
increasing and then decreasing the friction coefficient. This is mainly attributed to the fact
that at a low WC content, the melting damage of some WC particles leads to an increase
in friction coefficient. As the WC content increases, there are numerous small-sized WC
particles present in the coating, as shown in Figure 4g,h. Relevant studies have confirmed
that small-sized WC particles have a more pronounced anti-friction effect compared to
larger-sized WC particles. Therefore, as the WC content increases, the friction coefficient
decreases. Overall, it can be observed that an increase in WC content leads to a certain
degree of reduction in the average friction coefficient.
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Figure 6. Comparison of the average microhardness of laser-cladded layers with different WC
contents.

Figure 9 illustrates the variations in the wear volume and wear percentage of samples
with different WC contents in friction and wear experiments. Consistent with the friction
coefficient patterns, all four samples showed varying degrees of wear reduction. When
the WC content was 10%, the wear percentage was 0.562%. When the WC content was
20%, the wear percentage was 0.556%. The sample with a WC content of 30% exhibited the
greatest decrease in wear percentage, at 0.249%, and the coating with 40 wt.% WC had the
lowest wear percentage, approximately 0.142%. Moreover, as the WC content increased,
the wear volume of the samples steadily decreased from 18.5 mg to 4 mg, and the wear
percentage decreased from 0.671% to 0.142%. Therefore, an increase in WC content can
significantly enhance the wear resistance of nickel-based alloy coatings. The enhancement
of wear resistance in the composite coating is attributed to the addition of WC, which alters
the microstructure and increases the microhardness of the coating, similar to that found in
previous research [43,44].
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Figure 8. Average friction coefficients of laser-cladded layers with different WC contents.

In order to observe the wear mechanism, the wear tracks of the coating with 20 wt.%
WC were captured using SEM. By observing Figure 10, it can be found that the coating
wear track is relatively smooth, with some debris and spalling on the surface. Additionally,
the coating exhibits a few scattered molten particles and evident furrows on the wear track
surface. This can be attributed to the relatively high hardness of the friction Si3N4 ball
and the lower hardness of the coating. During the wear process, the plastic deformation
caused by the frictional force of the small ball on the coating was significant, resulting in
the formation of block-like spalling regions on the coating surface. Simultaneously, as the
wear process progressed, the spalling material was squeezed to form new wear debris,
intensifying the surface wear of the coating. Furthermore, direct contact between the small
ball and the coating led to adhesion wear, as the coating material adhered to the Si3N4
ball. Therefore, it is inferred that the main wear mechanisms of the laser-cladded layer are
abrasive wear and adhesive wear [45].



Coatings 2023, 13, 1614 11 of 18Coatings 2023, 13, x FOR PEER REVIEW  11  of  18 
 

 

 

Figure 9. Wear mass loss and percentage of wear mass loss of laser-cladded layers with different 

WC contents. 

In order to observe the wear mechanism, the wear tracks of the coating with 20 wt.% 

WC were captured using SEM. By observing Figure 10, it can be found that the coating 

wear track is relatively smooth, with some debris and spalling on the surface. Addition-

ally, the coating exhibits a few scattered molten particles and evident furrows on the wear 

track surface. This can be attributed to the relatively high hardness of the friction Si3N4 

ball and  the  lower hardness of  the coating. During  the wear process,  the plastic defor-

mation caused by the frictional force of the small ball on the coating was significant, re-

sulting in the formation of block-like spalling regions on the coating surface. Simultane-

ously, as the wear process progressed, the spalling material was squeezed to form new 

wear debris, intensifying the surface wear of the coating. Furthermore, direct contact be-

tween the small ball and the coating led to adhesion wear, as the coating material adhered 

to the Si3N4 ball. Therefore, it is inferred that the main wear mechanisms of the laser-clad-

ded layer are abrasive wear and adhesive wear [45]. 

   
(a)  (b) 

Figure 10. Surface morphology of worn coating under different magnifications: (a) low magnifica-

tion; (b) high magnification. 

Scanning analysis of element distribution was  conducted on  the worn  surface, as 

shown in Figure 11. It was observed that the proportion of oxygen elements was signifi-

cantly  higher  than  other  elements,  indicating  the  presence  of  oxidation wear  [46].  In 

Figure 9. Wear mass loss and percentage of wear mass loss of laser-cladded layers with different
WC contents.

Coatings 2023, 13, x FOR PEER REVIEW  11  of  18 
 

 

 

Figure 9. Wear mass loss and percentage of wear mass loss of laser-cladded layers with different 

WC contents. 

In order to observe the wear mechanism, the wear tracks of the coating with 20 wt.% 

WC were captured using SEM. By observing Figure 10, it can be found that the coating 

wear track is relatively smooth, with some debris and spalling on the surface. Addition-

ally, the coating exhibits a few scattered molten particles and evident furrows on the wear 

track surface. This can be attributed to the relatively high hardness of the friction Si3N4 

ball and  the  lower hardness of  the coating. During  the wear process,  the plastic defor-

mation caused by the frictional force of the small ball on the coating was significant, re-

sulting in the formation of block-like spalling regions on the coating surface. Simultane-

ously, as the wear process progressed, the spalling material was squeezed to form new 

wear debris, intensifying the surface wear of the coating. Furthermore, direct contact be-

tween the small ball and the coating led to adhesion wear, as the coating material adhered 

to the Si3N4 ball. Therefore, it is inferred that the main wear mechanisms of the laser-clad-

ded layer are abrasive wear and adhesive wear [45]. 

   
(a)  (b) 

Figure 10. Surface morphology of worn coating under different magnifications: (a) low magnifica-

tion; (b) high magnification. 

Scanning analysis of element distribution was  conducted on  the worn  surface, as 

shown in Figure 11. It was observed that the proportion of oxygen elements was signifi-

cantly  higher  than  other  elements,  indicating  the  presence  of  oxidation wear  [46].  In 

Figure 10. Surface morphology of worn coating under different magnifications: (a) low magnification;
(b) high magnification.

Scanning analysis of element distribution was conducted on the worn surface, as
shown in Figure 11. It was observed that the proportion of oxygen elements was sig-
nificantly higher than other elements, indicating the presence of oxidation wear [46]. In
conclusion, it can be inferred that the laser-cladded layer has a fine and dense microstruc-
ture, ensuring both improved hardness and good wear resistance. During the wear process,
the hard phases, such as carbides, distributed on the coating surface play a lubricating
and supporting role [47]. Moreover, the predominant wear mechanisms of the coating are
abrasive wear and oxidation wear, and the wear condition is relatively favorable.

3.5. Electrochemical Property

Figure 12 shows the open circuit potential (OCP) curves of four sample groups. From
the graph, it can be observed that all four samples reached a steady state after fluctuations.
The laser-cladded layers with different percentages of WC content gradually stabilized
at −0.65 V, −0.39 V, −0.45 V, and −0.46 V, after an initial stage of continuous rise and
fluctuations. This preliminarily indicates that the WC content can alter the corrosion
tendency under electrochemical corrosion conditions. OCP, as a thermodynamic parameter,
can preliminarily characterize the corrosion tendency of the sample in the corrosive medium.
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However, it is necessary to combine the results of impedance spectroscopy and polarization
curves for a comprehensive assessment.
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Figure 12. OCP curves of laser-cladded layers with different WC contents.

Figure 13 presents the polarization curves of the laser-cladded layers with different
WC contents. The self-corrosion potential and corrosion current density of the samples
were calculated based on these polarization curves, as shown in Table 3. In the potentio-
dynamic polarization curves, the corrosion potential (Ecorr) represents the tendency of
an electrochemical reaction between the metal and corrosive medium in the environment,
and the current density (Icorr) represents the electrochemical reaction rate. A higher Ecorr
and lower Icorr in the polarization curves indicate better corrosion resistance. As shown



Coatings 2023, 13, 1614 13 of 18

in Table 3, the Ecorr and Icorr of the coating with 10 wt.% WC content are −0.753 VSCE
and 5.671 µA/cm2, respectively. With the addition of WC, the curves moves towards
an increase in Ecorr and a decrease in Icorr. Specifically, the coating with 20 wt.% WC
content exhibited the highest corrosion potential (−0.472 VSCE), and its current density
(4.769 µA/cm2) was 16% lower than that of the coating with 10 wt.% WC content. Fur-
thermore, the further introduction of tungsten (W) resulted in a lower Ecorr and higher
Icorr compared to the coating with 20 wt.% WC, which is consistent with the trend of OCP.
The previous corrosion results of similar coatings, as shown in Table 4, indicate that we
obtained a lower corrosion current density compared to the experimental results of Liu
et al. [26], suggesting that the coatings we prepared possessed better corrosion resistance.
Additionally, all four curves exhibit a relatively stable region, suggesting that all samples
underwent certain passivation reactions. It can be preliminarily inferred that carbides, such
as the WC on the coating surface and corrosion products covering the coating surface, play
a role in inhibiting corrosion, thereby causing passivation phenomena.

Coatings 2023, 13, x FOR PEER REVIEW 14 of 18 
 

 

 

Figure 13. Potentiodynamic polarization curves of laser-cladded layers with different WC contents. 

Table 3. Electrochemical parameters fitted by the potentiodynamic polarization curves. 

Specimen Ecorr (𝐕𝐒𝐂𝐄) Icorr (𝛍𝐀/𝐜𝐦𝟐) 

D-1 −0.753 5.671 

D-2 −0.472 4.769 

D-3 −0.718 5.600 

D-4 −0.478 4.971 

Table 4. Comparison of corrosion current densities in similar experiments (A/cm2). 

Our experiment Liu et al. Experiment [48] 

Sample Value Sample Value 

10 WC/Ni 5.671 × 10−6 
Ni 

10 WC/Ni 

20 WC/Ni 

9.5 × 10−5 

8.2 × 10−5 

5.6 × 10−5 

20 WC/Ni 4.769 × 10−6 

30 WC/Ni 5.6 × 10−6 

40 WC/Ni 4.971 × 10−6 

Figure 14 presents the Nyquist plots, Bode impedance plots, and equivalent circuit 

diagrams obtained through EIS measurements after immersing samples with different 

WC contents in a 3.5 wt.% NaCl electrolyte for 30 min. Essentially, the radius of the 

capacitive loop in the Nyquist plot is always associated with the corrosion resistance of 

the samples, with a larger radius indicating better corrosion resistance. As shown in 

Figure 14a, all curves consist of capacitive loops ranging from high frequency (105 Hz) to 

low frequency (10−2 Hz), and the curve of the coating with a 20 wt.% WC content exhibited 

the largest capacitive loop diameter, indicating the best corrosion resistance with an 

addition of 20 wt.% WC. Additionally, the impedance modulus |Z| at a low frequency is 

also related to the corrosion resistance. As shown in Figure 14b, |Z| results indicate that 

the lead-in W enhances the corrosion resistance of the coating. As shown in Figure 14c, 

each curve of the phase angle has a peak in the intermediate frequency range (100–103 Hz). 

However, with the doping of WC, the width of the peak decreases, with the coating 

containing 20 wt.% WC having the widest peak, and its phase angle remained relatively 

stable in the frequency range of 10−2 to 10−1 Hz, eventually reaching 63.014°. In order to 

further quantitatively study the impedance spectroscopy data of the samples, the 

corresponding equivalent circuit diagram (Figure 14d) was used to fit the data. RS 

Figure 13. Potentiodynamic polarization curves of laser-cladded layers with different WC contents.

Table 3. Electrochemical parameters fitted by the potentiodynamic polarization curves.

Specimen Ecorr (VSCE) Icorr (µA/cm2)

D-1 −0.753 5.671
D-2 −0.472 4.769
D-3 −0.718 5.600
D-4 −0.478 4.971

Table 4. Comparison of corrosion current densities in similar experiments (A/cm2).

Our Experiment Liu et al. Experiment [26]

Sample Value Sample Value

10 WC/Ni 5.671 × 10−6
Ni

10 WC/Ni
20 WC/Ni

9.5 × 10−5

8.2 × 10−5

5.6 × 10−5

20 WC/Ni 4.769 × 10−6

30 WC/Ni 5.6 × 10−6

40 WC/Ni 4.971 × 10−6
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Figure 14 presents the Nyquist plots, Bode impedance plots, and equivalent circuit
diagrams obtained through EIS measurements after immersing samples with different WC
contents in a 3.5 wt.% NaCl electrolyte for 30 min. Essentially, the radius of the capacitive
loop in the Nyquist plot is always associated with the corrosion resistance of the samples,
with a larger radius indicating better corrosion resistance. As shown in Figure 14a, all
curves consist of capacitive loops ranging from high frequency (105 Hz) to low frequency
(10−2 Hz), and the curve of the coating with a 20 wt.% WC content exhibited the largest
capacitive loop diameter, indicating the best corrosion resistance with an addition of 20 wt.%
WC. Additionally, the impedance modulus |Z| at a low frequency is also related to the
corrosion resistance. As shown in Figure 14b, |Z| results indicate that the lead-in W
enhances the corrosion resistance of the coating. As shown in Figure 14c, each curve of the
phase angle has a peak in the intermediate frequency range (100–103 Hz). However, with
the doping of WC, the width of the peak decreases, with the coating containing 20 wt.%
WC having the widest peak, and its phase angle remained relatively stable in the frequency
range of 10−2 to 10−1 Hz, eventually reaching 63.014◦. In order to further quantitatively
study the impedance spectroscopy data of the samples, the corresponding equivalent circuit
diagram (Figure 14d) was used to fit the data. RS represents the resistance of 3.5 wt.%
NaCl solution between the working electrode and reference electrode, RL represents the
resistance of the thin passivation film formed on the surface of the coating during EIS
measurements, and Rct corresponds to the electron-transfer resistance between the coating
and NaCl solution. Inductance (L), capacitance (C), and the constant phase element (CPE)
were used to describe the behavior of non-ideal electrical double-layer capacitors. All
four groups of samples were analyzed using the LR(CR)(QR) circuit, with Rct chosen to
represent the resistance of the specimen [48]. From the results in Table 5, it can be seen that
the charge transfer resistance (Rct) of the WC-added overlay coatings first increases and
then decreases, with the 20 wt.% WC coating reaching 2.213 × 104 Ω, which was 17.52,
10.59, and 3.10 times that of the other samples, respectively. A larger Rct value indicates
a slower charge transfer in the coating; thus, the 20 wt.% WC coating exhibited better
corrosion resistance compared to the other samples. For this sample, the improvement in
corrosion resistance is mainly attributed to the reformation of fine carbides at the coating
grain boundaries, which block the corrosion channels, and a more uniform distribution of
elements, which promotes the growth of the passivation film. The impedance analysis and
polarization results are consistent with each other, indicating that increasing WC content
can enhance the corrosion resistance of a coating.

Table 5. EIS fitting results in equivalent circuit diagrams.

Specimen
L Rs C RL CPE Rct

(µH) (Ω·cm2) (F) (Ω·cm2) YO (F/cm2) n (Ω·cm2)

D-1 0.6981 9.315 1.390 × 10−2 1007 1.060 × 10−3 0.6284 1.216 × 103

D-2 0.6802 9.995 2.985 × 10−4 24.89 8.762 × 10−5 0.7352 2.213 × 104

D-3 0.7030 8.586 9.787 × 10−4 141.4 1.849 × 10−3 0.5421 2.012 × 103

D-4 0.6835 9.086 7.515 × 10−4 5364 5.881 × 10−5 0.8473 6.882 × 103
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4. Conclusions

The selected overlay material for this experiment was nickel-based powder with a
varying WC content. The microstructure and properties of the coatings prepared with
different WC contents were systematically studied. The main conclusions of this study are
as follows:

(1) The microstructure of the oscillating laser-cladded layer gradually transforms from the
plane crystal and cellular crystal at the bottom to the columnar crystal and equiaxed
crystal at the top. With an increase in WC content, the fine grains formed in the
laser-cladded layer become more and more uniform.

(2) With an increase in WC content, the hardness of a coating gradually increases. When
the WC content reaches 40%, the average hardness can reach 474.8 HV.

(3) The friction coefficient curve decreases with an increase in WC content. A 40 wt.% WC
content, a coating exhibits the best wear resistance, and the main wear mechanisms
are abrasive wear and oxidative wear.

(4) When the WC content is 20%, the oscillating laser-cladded layer exhibits the best
corrosion resistance in a 3.5 wt.% NaCl solution, with a polarization resistance 16%
lower than that of the cladding layer with a WC content of 10%.
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