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Abstract: Conventional, submicron and multimodal WC-12Co cermet coatings were deposited by high velocity oxy-fuel (HVOF).
The microhardness and microstructure of the coatings were compared, and the resistance of the coatings to cavitation erosion was
studied by ultrasonic vibration cavitation equipment. Cavitation pits and craters were observed by SEM and cavitation mechanisms
were explored. The results show that the microstructures of submicron and multimodal WC-12Co coatings prepared by HVOF are
dense with little porosity, and their microhardness values are obviously higher than that of the conventional WC-12Co coating. The
average microhardness of multimodal WC-12Co coating reaches nearly HV1500, which is much higher than that of the conventional
one. As well, it is found that the multimodal WC-12Co coating exhibits the best cavitation erosion resistance among the three
coatings, the erosion rate is approximately 40% that of the conventional coating, and the cavitation erosion resistance of multimodal
WC-12Co coating is enhanced by above 150% in comparison with the conventional coating.
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1 Introduction

Cavitation erosion is one of the main types of
damage on hydraulic machinery, such as the pump
casings of dredger, the propellers of ship, the blades of
hydraulic turbine and valves of piping in the practical
application. Some components service in the complex
conditions of cavitation, corrosion and erosion wear at
the same time and it would lead the components to fail
early and cause huge economic loss. Various materials
such as cast iron, cast steel, copper and stainless steel are
used to resist the cavitation erosion [1-2]. As the
cavitation erosion occurs at the liquid/solid interface,
thus it is related to surface properties rather than bulk
properties, the cavitation erosion resistance of a
component may be improved by some surface
engineering techniques. Surface engineering techniques
have the advantage of consuming only a small amount of
expensive material on the surface while using an
inexpensive substrate for the bulk. Therefore, the
research on surface engineering techniques and coating
materials are emphasized for enhancing the cavitation

erosion resistance of mechanic parts in the recent years
[3-6].

Thermal sprayed WC-12Co cermet coatings, which
consist of hard phase WC and tough binder phase Co that
possesses excellent cavitation erosion resistance among
metal materials, have been widely used because of
excellent cavitation erosion resistance. With the
development of nanomaterials, the study of WC-12Co
coatings has been shifted to nanostructured WC-12Co.
Research showed that the hardness and toughness of
nanostructured materials can be improved at the same
time, which is necessary to resist the cavitation erosion
[7-9]. Though nanostructured WC-12Co materials show
great performance in cavitation erosion resistance, its
complex manufacturing process and expensive price
limit its application. However, owing to both excellent
wear resistance and economy, multimodal WC-12Co
materials have been widely studied [10—13].

Compared with other thermal spraying processes,
high velocity oxy-fuel (HVOF) spraying possesses high
flame velocity and low flame temperature. Thus,
residence time of the WC particles can be shortened and
the WC decarburization can be decreased during HVOF
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spraying for WC-Co feedstock powder. Hence, HVOF
process is considered a more suitable way to deposit
nanostructured WC-Co coatings than other thermal
spraying processes [10—16]. In the present work, three
kinds of cermet coatings, conventional, submicron and
multimodal WC-12Co were deposited by HVOF and the
resistance of the coatings to cavitation erosion was
studied by ultrasonic vibration cavitation equipment.
Finally, cavitation pits and craters were observed by
SEM and the cavitation mechanisms were explored.

2 Experimental

2.1 Materials

Conventional, submicron and multimodal powders
were used as feedstock and marked as C1, C2 and C3,
and the corresponding coatings were marked S1, S2 and
S3. Conventional WC-12Co powder was produced by
sintering and crushing method, the particle size is 10—
45 pm and the WC original crystal size was 2—3 pm.
Submicron structured WC-12Co powder was produced
by an agglomeration method and the WC original crystal
size was 200 nm. Multimodal WC-12Co powder was
composed of 50% nano (50—90 nm) and 50% submicron
(<200 nm) particles. The multimodal powders were
produced by an agglomeration method and the particle
size was 10—45 pm. The substrate material was Q235 for
coating samples and the size was 50 mmx 14 mmx15 mm
for microstructure analysis.

2.2 Methods

Prior to spraying, the substrate samples were
degreased and grit blasted with Al,O; particles (<0.25
mm). About 0.5 mm thick WC-12Co was coated using
T 1 n3200cy HVOF system and kerosene was used as fuel.
All thermal parameters were optimized as listed in Table
1. There existed some difference of spray parameters for
various WC-12Co powders and this was considered for
different particle in-flight characteristics during HVOF
thermal spraying for various feedstock materials. After
spraying, samples with size of 10 mmx14 mmx5 mm
were machined by EDM wire cut for microstructure
analysis.

Cavitation erosion tests were performed on a
J93025 vibration cavitation erosion equipment according
to standard GB/T8363 —86. The microstructures of
WC-12Co powders and their coating surfaces, typical

Table 1 Spray parameters of WC-12Co coating by HVOF

as-sprayed coatings were observed with S—570 and
JSM6700F scanning election microscope (SEM). The
mass loss of the samples was measured using TG328
electric balance, accurate to 0.1 mg, and the coating
microhardness was measured with 71 model micro
Vickers under a load of 1.96 N. Porosity measurement
was performed using a Leitz MM6 microscope fitted
with a MIAPS image analyzer. Ten readings were
obtained and the average value was reported.

3 Results and discussion

3.1 Morphology of WC-12Co powders

The SEM images of the WC-12Co powders are
shown in Fig. 1. The submicron and multimodal powders
demonstrate spherical shape, but conventional WC-12Co
powder shape shows edges and corners. From Figs. 1(b),
(d) and (f), the original WC crystal sizes of various
WC-12Co powders can be observed clearly.

3.2 Microstructure of WC-12Co coatings

The surface morphologies of conventional,
submicron and multimodal WC-12Co coatings by HVOF
are presented in Fig. 2. It can be seen that diverse
structured WC-12Co powders have experienced different
melting degree during thermal spraying and lead to
various surface morphology. In S1 coating, unmolten and
diamond shape WC particles can be observed,
demonstrating that only the surface of micro-size WC-Co
particles is melted, but WC is still in solid state. In S2
and S3 coatings, most WC particles are heated up to melt
because of the finer size, higher surface to volume ratio
and activity. Also, C3 powder shows a best melting
condition; it seems that the microstructures of WC-12Co
coating are dependent on the structure characteristic of
the powder in great degree.

Figure 3 shows the cross-sectional microstructures
of the coatings. The porosity and microhardness of all
the coatings are listed in Table 2, and the microhardness
is an average value of 10 points on coating cross-section.
It can be observed in Fig. 3 that the porosity is very low
in the WC-12Co coatings by HVOF, the microstructure
is dense and the interlamellar cohesion is strong.
Compared with the conventional WC-12Co coating, the
multimodal coating shows a lower porosity, so the
microstructure is denser. WC particle size is finer and
distributes more uniformly. It is also noticed from Table 2

Powder Nozzle length/ Kerosene flux/ Oxygen flux/  Nitrogen pressure/  Powder feed rate/  Spray distance/
mm (L'h™) (m*h ™" MPa (kgh™ mm
Cl 200 20.4 61.4 1.23 6.0 380
C2 200 19.5 422 1.23 4.8 370
C3 200 19.5 422 1.23 4.8 370
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Substrate

Substrate

Fig. 2 SEM images of conventional (a), submicron (b) and Fig. 3 Cross-sectional microstructures of conventional (a),
multimodal (¢) WC-12Co coatings submicron (b) and multimodal (c) WC-12Co coatings
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Table 2 Porosity and microhardness of WC-12Co coatings

Coating Code  Porosity/% Microhardness(HV )
S1 2.26 1034
S2 1.78 1415
S3 1.32 1483

that the microhardness value of multimodal WC-12Co
coating is obviously higher than that of the conventional
WC-12Co coating.

3.3 Phase composition of WC-12Co powders and

coatings

Figure 4 shows the XRD patterns of WC-12Co
powders and coatings produced by HVOF. It is shown
that the XRD pattern of the initial phases of conventional,
submicron and multimodal WC-12Co powders show no
differences and the typical XRD pattern of C1 powder
contains only the desired phases of WC and Co. It can be
observed that the XRD patterns of conventional,
submicron and multimodal WC-12Co coatings deposited
by HVOF show significant differences. In S1 coating,
the phase compositions are almost the same as those of
the starting powder C1, mainly consisting of WC and Co
and the decarburization of WC particles do not occur
obviously. In S2 and S3 coatings, the coatings are
composed of WC, W,C, W and CocWC crystalline
phases. The phases of W,C, W and CosW¢C are not
present in the starting feedstock and have been generated
during the spraying processes. Compared with submicron
coating, the multimodal WC-12Co coating has a greater
decarburization as shown in Fig. 4. It can be concluded
that the decarburization would be generated more
extensively when the size of WC particles decreases
because of the higher surface contact area between the
finer WC particles and the flame, leading to higher
temperature and sufficient melting of the particles [16].

*=WC <¢—CO
A=W,C +—CO,W,C
I—“.fﬂ

10 20 30 40 50 60 70 80 90
20/(°)

Fig. 4 XRD patterns of WC-12Co powders and coatings

3.4 Testing results of cavitation erosion test

Cavitation erosion curves of WC-12Co coatings are
presented in Fig. 5. The curves show that the cumulative
volume loss of WC-12Co coatings follows an
approximately linear relationship with testing time, but
the curve of the conventional WC-12Co coating displays
a much higher slope than that of the multimodal coating.
The cavitation erosion rate of WC-12Co coatings is
shown in Fig. 6. It can be seen that the erosion rate of S1
coating is about 1.0 mm’/h in a steady period, while that
of S3 coating is 0.35 mm’/h, which is about one third
that of the S1 coating. It also demonstrates that in the last
testing period, the erosion rates of S2 and S3 coatings
display a steady tendency in comparison with the
conventional one. From the testing results of Figs. 5 and
6, it can be concluded that S3 coating sprayed by HVOF
possesses the best cavitation erosion resistance. The
multimodal WC-12Co coating exhibits more excellent
cavitation erosion resistance than the submicron and
conventional coatings.
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Fig. 5 Volume loss curve of WC-12Co coatings
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Fig. 6 Cavitation rate of WC-12Co coatings

3.5 Cavitation erosion mechanisms of WC-12Co
coatings
The SEM images of the eroded surfaces of
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WC-12Co coatings after 16 h cavitation erosion test are
shown in Fig. 7. It indicates that obvious difference of
the eroded surface micrographs exists in various
WC-12Co coatings because of their different erosion
mechanisms.

Fig. 7 SEM images of conventional (a), submicron (b) and
multimodal (¢) WC-12Co coatings after 16 h cavitation erosion

In Fig. 6, the cavitation rate curves of the WC-12Co
coatings consist of unsteady and steady periods. In the
unsteady period, the cavitation rate increases with testing
time, but the cavitation rate of multimodal and
submicron coatings almost remain constant although the
conventional coating rate varies in some range in the
steady period. It is known that the cavitation erosion
takes place by the formation and propagation of fatigue
cracks. In thermal spray coatings, the cracks originate
from pores, oxides and microcracks present in the
coatings and propagate preferentially along interlamellar
boundaries and the individual splats because of the weak

cohesion. In comparison with various structured

WC-12Co coatings under the action of water microjet
and frequency stress, the cracks form and propagate
more easily in conventional and submicron coatings
because the coating structure is coarser, the porosity is
higher and the cohesive strength of the individual splats
is lower than those of multimodal coating, as shown in
Fig. 3. The coating materials are finally removed by
cracking and delamination of the lamellae. Also the
removal of the coarse WC particles and delamination of
the lamellae in conventional WC-12Co coating cause the
volume loss to increase and the cavitation rate to vary in
some range during cavitation erosion, as shown in Fig. 6.
In the unsteady period, the cavitation rate increases with
increasing cavitation area, fatigue cracks form and
propagate, but in the steady period, the cavitation area
remains the same, the speed of formation, propagation of
fatigue cracks and the removal of WC particles vary little,
therefore, the cavitation rate almost remains constant for
submicron and multimodal WC-12Co coatings.

For multimodal WC-12Co feedstock powder during
HVOF spraying, most WC particles are heated up to a
molten state because of the finer size, higher surface to
volume ratio and activity. Thus, the spraying particles
gain more sufficient deformation when impacting the
substrate and producing the coating with finer and denser
microstructure, lower porosity and higher cohesive
strength, which leads to higher microhardness and
stronger toughness of the coating, and it is necessary to
enhance the coating cavitation erosion resistance. For S3
coating, a lot of nanosized grain boundaries make the
fracture propagation more difficult. All of these
contribute to the increase in cavitation erosion resistance
of multimodal WC-12Co coating deposited by HVOF.

4 Conclusions

1) In comparison with conventional and submicron
WC-12Co, the multimodal WC-12Co coating deposited
by HVOF is denser and possesses lower porosity.

2) The multimodal WC-12Co coating deposited by
HVOF exhibits excellent cavitation erosion resistance
and the erosion rates are approximately one third that of
the conventional coating. Multimodal WC-12Co coating
exhibits better erosion resistance than the conventional
and submicron coatings.

3) The decarburization of WC occurs during
spraying, but the decarburization of WC for the
multimodal powder is more severe than for the other two
powders.

4) Dense nanostructure, high microhardness and
strong cohesive strength of WC-12Co coating contribute
to the increase in the cavitation erosion performance of
multimodal WC-12Co coating deposited by HVOF.
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