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In this study, WC-Ni coatings were deposited using cold spraying followed by laser surface melting to improve
the cavitation erosion resistance. The remelted coating presented a three-dimensional WC skeleton structure
which could be regulated. The remelted coatings with uniformly distributed WC skeleton exhibited remarkable
cavitation erosion resistance. The observed microstructure evolution in the remelted coatings during cavitation
erosion suggested that the WC skeleton prevented crack propagation and therefore enhanced the cavitation

erosion resistance. Results also indicated that the enhanced cavitation erosion resistance of the remelted coatings
was attributed to the synergistic effect of the Ni binder phase and the hard WC phase. Adjusting and controlling
the structure of the coatings allowed the WC-based coatings to exhibit excellent cavitation erosion resistance.

1. Introduction

In the last several decades, global warming caused by carbon emis-
sions has become a serious threat to the survival of human beings and
animals [1-3]. Due to the considerable proportion of the global CO,
emissions from fossil-fuel power generation [4,5], a low-carbon alter-
native to fossil fuels was essential. Hydropower is one of the most
popular renewable energy resources to produce electricity [6,7]. How-
ever, various failures in hydraulic turbines restricted the development of
hydropower, among which cavitation erosion is the major failure mode
[8]. To extend the service life of the blades of hydraulic turbines, the
methods of improving cavitation erosion resistance of materials have
been studied widely [9,10].

WC-based coatings are considered to provide effective cavitation
erosion resistance to hydraulic turbine blades due to their high hardness
and toughness [11,12]. The high hardness is mainly attributed to the
hard WC phase, while the toughness is dependent on the metallic binder
phase, and the cavitation erosion resistance is relative to both phases. It
is proposed that the cavitation erosion resistance of the WC-based
coatings can be enhanced by the increase of toughness via increasing

the binder phase content [13,14]. However, the damage by cavitation
erosion is more common at the interface between the unmelted WC
particles and the metal matrix [15]. It is also reported that the crack
propagation in the binder phase is much easier than that in the hard
phase. These cracks would cause the removal of the WC particles,
leading to severe cavitation erosion damage [16,17]. For better perfor-
mance of WC-based coatings in cavitation erosion resistance, an
appropriate microstructure that overcomes the drawbacks of the
metallic binder phase and hard WC phase in cavitation erosion is
strongly needed.

Laser surface remelting is one of the feasible methods to improve the
surface quality of the coatings [18,19]. The coatings with a homoge-
neous microstructure, which can have a positive effect on cavitation
erosion resistance, can be fabricated by laser surface remelting [20-22].
In addition, the cooling rate of the remelted layer during the laser sur-
face remelting is much higher than that obtained during the casting
process [23]. Such a high cooling rate in the remelting layer could
produce microstructures different from casting. For example,
thermal-sprayed WC-Co coatings processed by surface melting exhibited
unique microstructures, which provided improved hardness and wear
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resistance [24,25]. Based on the above studies, it was expected that the
laser surface remelting technique could improve the microstructure of
the WC-Ni coating to combine the advantages of the hard phase and
binder phase, enhancing cavitation erosion resistance. Our previous
study found that the WC skeleton structure formed in WC-Ni coating
after laser surface remelting, and this structure improved the cavitation
erosion resistance [26]. However, the mechanism of the cavitation
erosion resistance for the WC-Ni coating with the WC skeleton is not
entirely understood yet.

In this study, the cold-sprayed WC-Ni coatings were remelted by
laser surface melting at different laser powers. The morphology,
microhardness, and phase composition of the as-sprayed coatings and
the remelted coatings were investigated. The cavitation erosion resis-
tance of the coatings was measured in deionized water. The surface
profile of the specimens after the cavitation erosion test was charac-
terized in terms of arithmetical mean height (Sa) and maximum pit
height (Sv). The influence of the microstructure on the cavitation
erosion resistance of the coatings was discussed. Furthermore, the
microstructure evolution of the remelted layer was investigated to un-
derstand the cavitation erosion mechanism better.

2. Experimental procedures
2.1. Material

The cold sprayed WC-Ni coatings were deposited by a low-pressure
cold spray system (SST Series P, Centerline, Ltd., Windsor, ON, Can-
ada) onto 316 L stainless steel substrates with a size of ® 20 mm x 10
mm. The parameters for cold spraying are listed in Table 1.

Before laser surface remelting, the surface of WC-Ni coatings was
ground by abrasive paper and then polished by 0.25 um diamond sus-
pension. Specimens were cleaned using alcohol and deionized water
then dried in vacuum. The WC-Ni coatings were treated using the
Ytterbium laser system (YLS-2000, Han’s Laser Technology Co., Ltd.,
Shenzhen, China) with different laser powers (300, 400, and 500 W),
and the specimens were named as 300 W, 400 W, and 500 W coatings,
respectively.

2.2. Cavitation erosion test

The cavitation erosion test was conducted by utilizing an ultrasonic
fatigue device (GBS-SCT 20 A, Guobiao Ultrasonic Equipment Co., Ltd.,
Hangzhou, China) in accordance with ASTM G32-16. The schematic
diagram of the cavitation erosion test system was shown in our previous
work [27]. The rated power of this system was 1500 W, the vibration
frequency was 20 + 0.2 kHz, and the peak-to-peak amplitude was 50
um. The test medium was deionized water, and the vibratory horn was
immersed in the medium at a depth of 23 + 2 mm. The specimen was
placed under the vibratory horn, and the distance from the vibratory
horn to the specimen surface was 1 mm. The temperature of the medium
was maintained at 25 + 2°C by circulating cooling water. Each specimen
was subjected to cavitation erosion for 15 h. The mass of the specimen
was weighed by an electronic analytical balance (METTLER 220,
TOLEDO Instruments Co., Ltd., Shanghai, China) at each testing cycle of
1 h. Each group of the specimens was tested three times. Here, the

Table 1

Cold spraying parameters.
Carrier gas Argon
Carrier gas pressure 483 kPa
Volumetric flow rate of carrier gas 7 NLPM
Compressed gas pressure 634 kPa
Compressed gas temperature 550 °C
Gun velocity 5 mm/s
FMR (flow meter reading) 60
Stand-off distance 5 mm
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cavitation erosion resistance of the as-sprayed WC-Ni coatings (as the
control specimen) and the remelted WC-Ni coating was evaluated.

2.3. Sample characterization

The surface and cross-sectional morphologies of the specimens were
observed by scanning electron microscope (SEM, Regulus 8230, Hitachi,
Japan). The volume ratio of the WC in the as-sprayed WC-Ni coatings
was calculated by processing the SEM images with Image J. Laser sur-
face melted WC-Ni coatings were etched to expose their microstructure
before SEM observation. The phase composition of the WC coatings
before and after surface remelting was studied by X-ray diffraction
(XRD, D8 Advance, Bruker, Germany) using Cu K, source generated at
40 kV and 40 mA at a scanning speed of 0.02 °/s. The microhardness of
the specimens was measured via the Vickers hardness test (Wilson
VH3300, Buehler, Germany) with a load of 0.2 kgf, and 15 measure-
ments were taken at random sites for each specimen. The surface profile
of the specimens after the cavitation erosion test was observed by a 3D
optical profilometer (UP-Lambda, Rtec-Instruments Ltd., USA). Arith-
metical mean height (Sa) was calculated from the scanning region (1.9
mm X 1.2 mm), while maximum pit height (Sv) was calculated from the
corresponding Abbott Firestone curve. To record the microstructure
evolution during cavitation erosion, a series of SEM images were
captured at the same region on the cross-section of the coatings sub-
jected to cavitation erosion for different times.

3. Results and discussion
3.1. Coating microstructure

The cross-sectional morphology of the coatings is presented in Fig. 1.
The thickness of the as-sprayed WC-Ni coating was about 760 um. Ni was
the main phase of the Ni-WC coating, and the WC particles were evenly
dispersed in the coating. The volume ratio of WC powder was about 25
+ 2% (Fig. la-1). Meanwhile, a few pores were observed from the
magnified image (Fig. 1a-2). The microstructure of the coatings changed
after laser surface remelting (Fig. 1a-b). The WC particles transformed
into lamellae structure, which built a three-dimensional skeleton
structure. The remelted WC-Ni coatings were composed of Ni grains and
WC lamellae. The remelted depth of the 300 W, 400 W and 500 W
coatings was ~80 um, ~170 um, and ~260 um, respectively (Fig. 1b-1,
c-1 and d-1). At a high laser power, the energy input was high and the
thermal penetration depth to reach the coating was deep. Therefore, the
remelted depth of the 500 W coating was higher than that of the 300 W
and 400 W coatings.

The morphology of some WC particles in the remelted layer of the
300 W coating was very similar to that of the WC particles in the as-
sprayed coating (Fig. 1a-b), suggesting that the transformation of the
WC particles to the WC lamellae under a low laser power of 300 W was
incomplete. The incomplete transformation could be attributed to the
low laser power, which was insufficient to melt all WC particles. For the
300 W coating, it was also noted that the pores tend to distribute at the
WC skeleton area (Fig. 1b-2). By contrast, fewer pores in the WC skel-
eton area were observed from the 400 W coating (Fig. 1c-2). For the
500 W coating, however, pores were observed at the WC skeleton area
and the junction of the WC skeleton and the Ni (Fig. 1d-2). Meanwhile,
the size of the pores in the 500 W coating was larger than that in 300 W
and 400 W coatings. The existence of the pores could be associated with
the air entrapment of the liquid flow during the laser surface remelting.
Meanwhile, the reaction of the WC particles with air can lead to
decarbonization and the formation of pores [28]. With the insufficient
energy input of 300 W, the formation of pores at the WC skeleton area
could be associated with the inadequate bonding at the WC/Ni interface
and the decarbonization. With the increase of the laser power, the
bonding of the WC/Ni interface was improved under high energy input.
Therefore, the number of the pores in the remelted layer of 400 W



Z. Xu et al. Tribology International 173 (2022) 107615

500W

Fig. 1. The cross-sectional morphology of (a) as-sprayed WC-Ni coating and WC-Ni coating after laser surface remelting with (b) 300 W, (c) 400 W, and (d) 500 W
laser powers. (—2: enlarged views of the selected area of —1).
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coatings decreased. However, the local input energy density was high
under 500 W laser power, leading to more unstable melt flow and more
pores developed on the remelted layer [29].

Polished surfaces were etched before SEM observation to deeply
understand the microstructure of the remelted WC-Ni coatings. Fig. 2
shows the polished and the etched surfaces of the remelted WC-Ni
coatings. The polished surface of the remelted WC-Ni coatings dis-
played a structure of Ni wrapped up in WC lamellae (Fig. 2a-c). After
etching, the Ni was removed, clearly presenting the microstructure of
the WC skeletons. The WC skeletons remained in their original shape,
showing a 3D honeycomb skeleton structure (Fig. 2d-f). The magnified
SEM images (Fig. 2g-i) indicate that the depth of the holes in these
skeletons was followed by 500 W > 400 W > 300 W coatings. The dif-
ference between these coatings might affect the cavitation erosion
resistance of the coatings.

Besides the differences in the microstructure for cold sprayed WC-Ni
coatings and remelted WC-Ni coatings, the phase compositions and
microhardness of the coatings before and after laser surface remelting
were also investigated. The XRD patterns of the as-sprayed coating and
the remelted coatings are shown in Fig. 3a. The peaks of the remelted
WC-Ni coatings were similar to the WC-Ni coatings indicating the phase

Polished surface

Etched surface

e
Ipm
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structure of the WC-Ni coating after laser surface remelting did not
change. However, the peaks slightly shifted to a lower angle after laser
surface remelting, which could be attributed to the residual stresses in
the remelted coatings. With the increase of laser power, the peak in-
tensity of WC in the WC-Ni eutectic coatings became weaker, suggesting
that the WC grain was refined [30]. The microhardness of the specimens
was presented in Fig. 3b, showing slight changes in the specimens before
and after remelting. The hardness of the 300 W and the 500 W coatings
was slightly reduced compared with the 400 W coating. For the 300 W
coating, the reduction in microhardness could be attributed to the less
precipitated lamellar WC grains due to the incomplete melting of the WC
particles by insufficient laser power (Fig. 1b). For the 500 W coating,
even a dense distribution of the WC lamellae was observed, the
increased porosity in the 500 W coating could be the possible reason for
the decreased microhardness (Fig. 1d).

3.2. Cumulative volume loss

The cavitation erosion resistance of the cold sprayed WC-Ni coatings
and remelted WC-Ni coatings was investigated according to the cumu-
lative volume loss and the volume loss rate (Fig. 4). The cumulative

Fig. 2. SEM images of the polished surfaces (a-c) and the etched surfaces (d-i) of the remelted WC-Ni coatings.
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Fig. 4. (a) Cumulative volume loss and (b) the volume loss rates of the as-sprayed WC-Ni coating and the remelted WC-Ni coatings during cavitation erosion.

volume loss of the WC-Ni coating, the 300 W, 400 W, and 500 W coat-
ings over 15h of erosion was approximately 28.92, 5.01, 2.07, and
3.01 mm?3, respectively (Fig. 4a). Fig. 4b shows the volume loss rates
versus cavitation time. The WC-Ni coating presented the highest loss
rate, and its cavitation erosion resistance was the worst among all these
specimens. All the remelted coatings exhibited lower volume loss, which
indicated that the cavitation erosion resistance of the WC-Ni coating was
enhanced after the laser surface remelting. The best performance of the
400 W coatings in cavitation erosion resistance could be probably
related to its higher hardness (Fig. 3b). However, considering all these
remelted coatings significantly improved cavitation erosion resistance,
the unique microstructure of the laser treated coatings (Fig. 2) might be
the decisive reason for the cavitation erosion resistance improvement.
Moreover, the cumulative volume loss and volume loss rate of the 300 W
coating were higher than that of other remelted coatings. The 400 W
coating had a better performance than the 500 W coating. The XRD
results indicated that the composition in the remelted layer was not
changed (Fig. 3a). Therefore, the cavitation erosion resistance difference
among these coatings could be attributed to the structural differences.
The surface profiles of the specimens after cavitation erosion were
investigated to better understand the cavitation erosion behaviour of the
coatings. The surface roughness of the specimen from high to low was
followed by the as-sprayed WC-Ni, 300 W, 400 W, and 500 W coatings,
which could be explained by the difference in the shape of cavitation
pits. For the WC-Ni coatings, large pits could be observed from the
eroded surface after cavitation erosion (Fig. 5a-1). These pits were about
80 um in depth (Fig. 5a-2) and much deeper than that of the remelted
coatings. The cavitation pits were about 10 pm in depth for the 300 W
and the 500 W coatings, while a few of deep pits could still be observed

in the 300 W coatings (Fig. 5b-2 and d-2). The cavitation pits in the
400 W coatings were much smaller than all other specimens (Fig. 5¢-1),
whose depth was less than 10 ym (Fig. 5¢-2).

To further investigate the surface profile, Abbott-Firestone curves of
the eroded surface after cavitation erosion were provided, and the cor-
responding Sv values were also calculated (Fig. 6). Through the statistics
for the depth distribution of the eroded surfaces, it could be confirmed
that the cavitation pits exhibited various dimensions. Moreover, the Sv
values of the cold-sprayed WC-Ni, 300 W, 400 W and 500 W coatings
were 80.2, 27.8, 10.6, and 13.8 um, respectively, which is consistent
with the cavitation erosion results indicated by the plots in Fig. 4. Serve
cavitation damage occurred in the WC-Ni coatings during cavitation
erosion, but the damage was limited in all these remelted coatings. The
depth of the cavitation pits in the 400 W coating was smaller than that in
the other coatings. This result indicates that the 400 W coating showed
higher cavitation erosion resistance than other coatings, corresponding
to the cumulative volume loss and the volume loss rate results (Fig. 4).
Therefore, we proposed that the hindered formation of the cavitation pit
could be the possible reason for the enhanced cavitation erosion resis-
tance, but the specific mechanism was still unknown.

For a better understanding of the cavitation erosion resistance
mechanism of the laser surface remelted coatings, the structure evolu-
tion of the coatings during cavitation erosion was investigated. Fig. 7
shows the cross-sectional morphology of the as-sprayed WC-Ni coating
and the remelted WC-Ni coatings after cavitation erosion for 15h,
demonstrating the propagation process of cavitation erosion pits. For the
as-sprayed WC-Ni coatings, a cavitation erosion pit formed in the Ni
matrix (Fig. 7a). The propagation of the cavitation erosion pit in the Ni
matrix was both parallel and vertical to the surface. After the cavitation
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Fig. 5. Surface (—1) and linear (—2) profiles of the cold sprayed WC-Ni coating (a), 300 W (b), 400 W (c), and 500 W (d) coatings after cavitation erosion testing.

erosion for 15 h, the Ni was removed, but the WC remained. This result
indicates that the binder phases of Ni might be more easily damaged,
and the hard phases of WC could hinder the propagation of cracks.
Fig. 7b-d shows that the cavitation erosion pits and crack propagation
occurred in the Ni binder phase. This phenomenon suggested that the
WC lamellae transformed from WC particles could also hinder the
propagation of the cracks and cavitation erosion pits. However, the
cavitation erosion pits in the remelted coatings were smaller than those
in the as-sprayed coating. The distribution of the WC was more even in
the remelted coatings, resulting in the propagation of the cracks and
cavitation erosion pits became more difficult. Therefore, the remelted
WC-Ni coatings were more resistant to cavitation erosion. For the 300 W
coating, however, the unmelted WC particles remained, and the binder
phase of Ni was incompletely surrounded by the WC lamella (Fig. 7b).
The cracks were easy to grow through the weak area of the WC-Ni in-
terfaces. Therefore, the 300 W coating was less resistant to cavitation
erosion than the other remelted coatings. With the increase of laser
power, the WC skeleton was more evenly distributed in the coating.
Meanwhile, the high laser power of 400 W probably improved the
bonding strength of WC and Ni. Cracks were difficult to propagate along

with the WC-Ni interfaces (Fig. 7c and d). Consequently, the 400 W
coating showed better cavitation erosion resistance (Fig. 7c). For the
500 W coatings, the cracks propagated both in and along with the WC
skeleton, while the crack propagation in the WC skeleton was hindered.
However, the cavitation erosion resistance of the 500 W coating
decreased. The SEM images of the 500 W coating showed that the WC
skeletons were larger than that in the 400 W coatings, offering an easy
propagation path for cracks. In addition, there were many pores in the
500 W coating, which could also adversely affect the cavitation erosion
resistance [24-26].

The laser surface melted WC-Ni coatings with WC skeleton structure
exhibited excellent cavitation erosion resistance (Fig. 7). Due to a uni-
form dispersion of WC lamellae which prevented the crack propagation,
the cracks in the remelted coatings were much smaller than that in the
as-sprayed coatings (Fig. 7), but the weak area of the WC skeleton could
destroy the WC skeleton structure during the cavitation erosion (Fig. 7b
and c). Fig. 8 presents the surfaces of the etched 400 W coating before
and after cavitation erosion for 5 min, showing that the exposed WC
skeleton was removed from the surface after only 5 min of cavitation
erosion (Fig. 8b). It was indicated that the pure WC skeleton was easily
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500 W (d) coatings after cavitation erosion testing.

damaged under the cavitation erosion impact.

The results of the cavitation erosion test and the SEM observation
show that there was a significant improvement in the cavitation erosion
resistance of the WC-Ni coating after laser surface remelting. Ni was
preferentially damaged during the cavitation process, while the WC
particle and the WC lamellae could restrict the cavitation erosion
damage. However, pure WC skeletons could be removed after being
exposed to cavitation erosion for several minutes (Fig. 8). These results
illustrate that the WC skeleton could hinder the propagation of cavita-
tion erosion, and the Ni could protect the WC skeleton from being
removed. Therefore, the cavitation erosion resistance of the remelted
WC-Ni coatings was thought to be primarily determined by the com-
bined effects of the Ni binder phase and the WC skeleton.

3.3. Evolution of defects in WC-Ni eutectic coatings

Generally, defects ( such as pores) in materials negatively affect the
cavitation erosion resistance [27]. The evolution of pores was observed
by SEM observation. For the 300 W coating (Fig. 9a), the pores were
mainly distributed in the WC skeleton (Fig. 1b) and grew along with the
WC skeleton during the first 15 h of cavitation erosion (Fig. 9a-3, a-4 and
a-5). After 15 h of erosion, the pore not only grew along with the WC
skeleton but also propagated to the Ni. The evolution of pores in the
400 W coating was different. The pore grew in the Ni matrix during the
first 6 h (Fig. 9b-3). However, the propagation of the pore stopped when
further exposed to cavitation erosion, and the pore shrunk after 20 h of
cavitation erosion (Fig. 9b-4, b-5 and b-6).

For the 500 W coating, the pores were distributed in both the WC
skeleton and the WC-Ni interfaces (Fig. 1d). The pores in the WC skel-
eton grew along with the WC skeleton in the first 6 h (Fig. 10a-2, a-3 and
a-4). When the coating was exposed to cavitation erosion further, the
propagation of the pores was hindered by the WC lamellae (Fig. 10a-5

and a-6). For the pores at the WC-Ni interfaces, they expanded in both Ni
and WC skeleton in the first 10 h (Fig. 10b-2, b-3, b-4 and b-5) and
shrunk (Fig. 10b-6) after the further exposure to cavitation erosion.

Based on the SEM observations, the pre-existing pores in the WC
skeleton would grow along with the skeleton (Figs. 9a and 10a) during
the cavitation erosion. With the increase of cavitation erosion time,
these pores could grow in the Ni (Fig. 10a-5 and a-6). Considering the
cracks could grow through the weakness of the WC skeleton under the
cavitation exposure (Fig. 7 b-d), we propose that these pores would
accelerate the material failure after further erosion. Although these
pores expanded initially, they would shrink when exposed to cavitation
erosion further (Figs. 9b and 10b). The shrinkage of these pores could be
possibly attributed to the deformation of Ni. After hours of cavitation
erosion test, the Ni around the pores might deform due to the bubble
collapse impact, resulting in the shrinkage of pores. A similar phenom-
enon in stainless steel was observed in our previous study [31].
Furthermore, the pores in the WC lamella could not shrink during the
cavitation erosion process possibly due to the deformation being
blocked by the WC lamella, and the 300 W coating with more pores in
the WC lamellae showed relatively lower cavitation erosion resistance
than the other remelted coatings.

4. Conclusions

The cavitation erosion behaviour of the cold sprayed WC-Ni coating
and the laser surface melted WC-Ni coatings were studied by the SEM
observation. The cavitation erosion mechanism of the laser surface
melted WC-Ni coatings was discussed. In addition, the evolution of the
pores in the laser surface melted WC-Ni coatings was observed by SEM at
the same locations. The main conclusions were summarized bellowed:
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Fig. 7. The cross-sectional morphology of the as-sprayed WC-Ni coating (a), 300 W (b), 400 W (c), and 500 W (d) coatings after 15 h of cavitation erosion testing.
The cavitation erosion pits and the cracks were highlighted by red arrows; the propagation of cavitation erosion pit was highlighted by red dot arrows; the weakness
of the WC skeleton was highlighted by white dot circles; the fence represented the propagation of the cavitation erosion pit hindered in this direction.

Fig. 8. SEM images of the etched surfaces of the 400 W coating before (a) and after (b) cavitation erosion. The specimens were exposed to cavitation erosion

for 5 min.

(1) It was found that the cold sprayed WC-Ni coating had a better
cavitation erosion resistance than pure the Ni due to the WC
particles could hinder the propagation of cracks and pits.

(2) The cavitation erosion resistance of the as-sprayed WC-Ni coating
was further improved after laser surface melting at different laser
power. The 400 W coating with evenly distributed WC skeleton
exhibited better cavitation erosion resistance than the 300 W and
500 W coatings.

(3) The pure WC skeleton was destroyed rapidly under the cavitation
erosion, indicating that the great performance of the remelted
WC-Ni coatings was attributed to the synergistic effect of the hard
phase and binder phase.
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Fig. 9. Typical SEM cross-sectional morphologies of the 300 W (a) and the 400 W (b) coatings after different cavitation erosion times at the same observation point.
The evolution of pores was highlighted by red dot arrows.
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