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Two WC-10Co0-4Cr coatings were deposited by high-velocity oxygen fuel (HVOF) and high-velocity air fuel
(HVAF) spray processes, respectively, and their basic mechanical properties, cavitation and sand slurry
erosion resistances were investigated. The results show that the HVAF-sprayed WC-10Co-4Cr coating
exhibited a lower degree of decarburization and better properties in terms of hardness, fracture toughness,
porosity, cavitation and sand slurry erosion resistances than those of the HVOF-sprayed WC-10Co-4Cr
coatings, respectively. Therefore, HVAF-sprayed WC-10Co0-4Cr coatings may be better employed for the
protection of hydro-turbine component surfaces against cavitation and sand slurry erosion.

Keywords cavitation, HVAF, HVOF, sand slurry erosion,
WC-10Co-4Cr

1. Introduction

Hydro-turbine components such as guide vanes, runner
blades, pivot rings, pump and compressor parts are known to be
affected by cavitation and/or sand slurry erosion (Ref 1).
During operation, these components are often exposed to a fast-
flowing and vibrating liquid under fluctuating pressure. The
pressure fluctuation results in the generation and collapse of
cavitation bubbles, exerting stress pulses on the nearby solid
surface and resulting in its cavitation erosion (Ref 2). In
addition, the sand slurry erosion of the hydro-turbine compo-
nents can hardly be avoided during their service, especially
when the large content of hard particles such as SiO,, Al,Os3,
Fe, 05, MgO, CaO, and their compounds are present in the silt.
Thus, most of the failures of hydro-turbine components are
induced by the combined attack of cavitation and silt-assisted
erosion (Ref 1, 3).

In recent years, HVOF-sprayed WC-based coatings have
been successfully applied on metal alloy hydro-turbine com-
ponents to combat cavitation and sand slurry erosion (Ref 4).
However, the WC phase in the coatings partially decomposes
into W,C or even W when the traditional HVOF thermal spray
technologies are used. It embrittles the coatings and eventually
deteriorates their performance (Ref 5, 6). Recently, a high-
velocity air fuel (HVAF) system, which operates at a much
lower combustion temperature using gas or liquid fuel and
compressed air (not oxygen) for combustion, has been inves-
tigated (Ref 6-8). It has been found that the deposition of the
WC-based coatings by the HVAF spraying process can reduce
the production cost due to the use of air instead of pure oxygen,
while greatly decreasing the degree of decarburization of WC
(Ref 6, 9) or Cr;C, (Ref 10) as a result of a much lower flame
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temperature. Jacobs et al. (Ref 6) have found that WC-based
coating deposited by the HVAF spraying method exhibited
higher hardness and sliding wear resistance compared to the one
applied by the HVOF process. Wang et al. (Ref 11) have also
found that the HVAF-sprayed WC-10Co-4Cr coating exhibited
higher sliding and abrasive wear resistances as well as higher
corrosion resistances than counterpart coatings deposited by
gas-fuelled and liquid-fuelled HVOF spray systems.

Generally, fine WC-10Co-4Cr powder (5 to 30 um) is
suitable for the HVAF spray process (AK 07) as a result of its
lower flame temperature. While as for the HVOF spray process
(DJ2700), the situation is reversed, the fine WC-10Co-4Cr
powder usually results in spitting during the spraying process
because of the super fusion of the fine powder in the higher
temperature flame. Therefore, the coarse powder is much more
suitable for the DJ2700 HVOF spray gun (Ref 12).

The WC-10Co-4Cr powder (Amdry 5843, Sulzer-Metco)
has been deposited on hydro-turbine components by using the
DJ2700 HVOF spraying system to resist cavitation and sand
erosion in China for several years. This coating exhibited good
sand slurry erosion resistance, but its cavitation resistance was
not satisfactory.

In this study, one WC-10Co-4Cr coating was deposited by
the HVAF spray process with fine powder. For comparison, a
WC-10Co0-4Cr coating was prepared by the HVOF spray
process with a widely used coarse powder (Amdry 5843). In
order to explore whether the HVAF-sprayed WC-10Co-4Cr
coating can replace the HVOF one to resist cavitation and sand
slurry erosion, the phase compositions, mechanical properties,
cavitation and sand slurry erosion resistances of the two
WC-10Co-4Cr coatings were investigated.

2. Experimental Procedures

2.1 Coating Preparation

Two kinds of WC-10Co-4Cr powders were sprayed on low
carbon steel substrates by Kermetico’s AK 07 HVAF spray
system operating with propane and compressed air and Sulzer’s
DJ2700 HVOF spray system operating with propane, pure
oxygen, and air. The powder information and spraying



parameters, listed in Table 1, were suggested by the powder
and spray equipment vendors.

Typical characteristics of the two WC-10Co-4Cr powders
are presented in Fig. 1.

The WC-10Co-4Cr powder (Amdry 5843) exhibiting ir-
regular-shaped particles (Fig. 1a) were produced by the sintered
and crushed process, while the particles of another WC-10Co-
4Cr powder (T62M150) were of nearly spherical shape
(Fig. 1b), which were produced by the agglomerated and
sintered process.

Prior to the spraying process, low carbon steel substrates
were degreased and grit blasted with 60-mesh Al,O5; The
thickness of WC-10Co-4Cr coatings deposited on these
substrates was approximately 0.3 mm. During spraying, the
spraying angle was 90° and the temperatures of the substrates
were kept below 150 °C using compressed air cooling.

2.2 Characterization

X-ray diffraction (XRD) analysis of the powders and
coatings was performed with a Rigaku D/max-2550 diffraction
meter using Cu-Ka radiation. The JSM 6700 and FEI-Quan-
ta200 scanning electron microscope was used to examine the
morphologies of the powders and coatings. The porosity
measurements were performed on the coatings using the image
analysis method. The presented porosity was the average values
of the data from ten measurements. Hardness measurements

were performed on the cross sections of the coatings under the
loads of 2.94 and 49 N, respectively, and the hardness reported
was the average value of ten measurements. The coating
fracture toughness value was calculated using the length of the
indentations and cracks according to the Evans and Wilshaw
equation (Ref 13). The surface roughness of the sample was
measured by Mitutoyo surface roughness tester (SJ 210), and
the presented roughness was the average value of five
measurements.

2.3 Cavitation Erosion

Cavitation erosion tests were performed in a vibratory
cavitation apparatus, the specimens ($¢p16 mm) with a screw
were attached to the free end of the horn. By controlling the
output power of the ultrasonic generator, the system was set in a
resonant condition with a frequency of 19+ 1 kHz and a
double amplitude of 36 + 3 pum. Pure water was used as the test
liquid in a 1000-mL beaker. The beaker was surrounded by
cooling water, and the pure water temperature was maintained
at 25-30 °C. The tip of the specimen was immersed into the
water 3-mm deep. A balance with a sensitivity of 0.1 mg was
used to determine the mass losses. The sample was weighed
every 60 min and 12 measurements were made. For compar-
ison, the austenitic stainless steel AISI 316 samples were tested
under the same experimental conditions.

Table 1 Powder and spraying equipment parameters for the two WC-10Co-4Cr coatings

DJ coating AK coating
Powder code Amdry 5843(Sulzer-Metco) T62M150(Achteck)
Powder size distribution, pm 15-53 5-30
Powder apparent density, g/cm’ 5.88 5.75
Powder product process Sintered and crushed Agglomerated and sintered
Spray gun DJ2700 (HVOF) AK 07(HVAF)

Combustion mixture

Feed rate, g/min 45
Spray distance, mm 200
Carrier gas flow, L/min 13

Propane: 68 L/min
Oxygen: 240 L/min, Air: 376 L/min

Propane pressure: 0.50 MPa
Air pressure: 0.60 MPa
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s

10.0kV X500 WD 8.0mm 10um

Fig. 1 Micrographs of the WC-10Co-4Cr powders (a) Amdry 5843, (b) T62M150
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2.4 Sand Slurry Erosion

Sand slurry erosion tests were performed in a homemade
sand slurry erosion tester. The schematic diagram is shown in
Fig. 2.

In these erosion wear tests, 40-70 mesh SiO, sand and fresh
water were mixed in the hoper, and then accelerated by
compressed air to impact the samples. The feed rate of sand was
about 150 g/min and the mass ratio of sand to water was 1:10.
The other testing parameters were 0.2 MPa air pressure, 25 mm
erosion distance, 8 mm jet diameter, 30° and 90° impact angles.
The sample was weighed every 15 min and six measurements
were performed. For comparison, austenitic stainless steel AISI
316 samples were also tested under the same experimental
conditions.

sand bucket

oveflow tank

jet hopper

<
compres sed air

sample

Fig. 2 Schematic diagram of the sand slurry erosion tester
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3. Results

3.1 Phase Composition of the Goatings

Figure 3 shows the XRD patterns of coatings prepared by
the DJ2700 (HVOF) and the AK 07(HVAF) spray systems, as
well as the corresponding WC-10Co-4Cr powders with differ-
ent particle sizes (see Table 1)

The AK coating deposited by the HVAF spray process
shows similar phase composition as the feedstock powder,
mainly composed of WC with traces of Co;W5C and
crystalline Co, i.e., nearly no WC decarburization can be
seen. The DJ coating deposited by the DJ2700-HVOF

—m—AISI316
—o— DJ Coating
104 |—A— AK Coating

Volume loss (mm’)

O o e o e e e e e L S
0 60 120 180 240 300 360 420 480 540 600 660 720

Time (minutes)

Fig. 4 The cumulative cavitation volume loss of the AISI 316
stainless steel sample and the WC-10Co-4Cr coatings
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Fig. 3 XRD patterns of the WC-10Co-4Cr powder and coatings (a) HVOF (b) HVAF

Table 2 Properties of the HVYOF- and HVAF-sprayed coatings and the AISI 316 stainless steel samples

Cavitation sample Hardness, HV0.3

Porosity, %

12

Fracture toughness, MPam™ Surface roughness, Ra

AISI 316 stainless steel 198.3+7.9
DJ coating 1101.7 £231.9 0.90+0.14
AK coating 1229.4 +200.8 0.47+0.09

0.38
4.36+0.66 4.67
5.86+0.57 3.18
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Fig. 5 SEM images of the eroded surfaces of the AISI 316 stainless steel (a, b) and the WC-10Co-4Cr DJ (c, d) and AK (e, f) coatings after
720 min of cavitation test duration (the inset images are the surfaces of the cavitation samples, the yellow arrows point out cracks) (Color figure
online)

system was composed of mainly WC and some W,C phases likely to decompose in an HVOF flame at higher tem-
without Co;W3C, exhibiting some WC decarburization (Ref perature, while stable in the HVAF flame at a lower
5, 13). The Co;W;C is a metastable phase, which is more temperature (Ref 14).
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3.2 Mechanical Properties of the AlSI 316 Stainless Steel surface roughness of the AISI 316 stainless steel samples are

Samples and the WC-10Co-4Cr Coatings also listed.
The data for hardness, porosity, fracture toughness, and the Table 2 shows that the AK coating exhlblted. higher average
of h f the two WC-10Co-4C ¥ hardness, fracture toughness, but lower porosity and surface
surlace TOUSANEss o the two THVLO-TLT coaungs are roughness than those of the DJ coating. The higher fracture

presented in Table 2. For comparison, the hardness and the

det 1 3 HV spot| mag WD |mode 400 pm det 10/28/2013 HV spot| mag WD
DualBSD | 1:54:14 PM 120.00 kV| 3.5 /12000 x| 11.4 mm

DualBSD | 3:00. 1120.00kV| 3.5 [100x/11.4 mm| A+B Quanta
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Fig. 6 SEM images of the cross sections of the AISI 316 stainless steel (a, b) and the WC-10Co-4Cr DJ (c, d) and AK (e, f) coating samples

after 720 min of cavitation test duration
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toughness and low surface roughness for the AK coating can
be, respectively, attributed to its lower degree of WC decar-
burization and finer particle size powder used.

3.3 Cavitation Resistances, Eroded Surfaces, and Cross
Section of the Tested Samples

The cavitation results of the AISI 316 stainless steel sample
and the two WC-10Co-4Cr coatings are presented in Fig. 4.

According to Fig. 4, the WC-10Co-4Cr coatings exhibited
higher cavitation resistance than the AISI 316 stainless steel
during the last 7 h of the test. Herewith, the AK coating
revealed substantially higher cavitation resistance than that of
the DJ coating in the whole test process. In addition, the DJ
coatings exhibited higher cavitation erosion resistance than the
AISI 316 stainless steel at the end of the test, although the DJ
coating showed higher cumulative volume loss than the AISI
316 stainless steel at the beginning 60 and 300 min of the
testing.

The macro- and micro-surface morphologies of the WC-
10Co0-4Cr coatings and the AISI 316 stainless steel sample after
cavitation erosion testing are shown in Fig. 5. The AISI 316
stainless steel sample showed a relatively flat macro-eroded
surface in the center and some lager radial pits on the perimeter
region of the eroded surface (Fig. 5a). The AK coating sample
also showed a relatively flat macro-eroded surface but without
the large pits on its eroded surface (Fig. 5¢). The DJ coating
sample exhibited the roughest macro-eroded surface with many
pits being visible (Fig. 5c).

The SEM images with different magnification of the cross
sections of the AISI 316 stainless steel and the two WC-10Co-
4Cr coating samples after cavitation testing are shown in Fig. 6.
It can be seen that some pits and cracks occurred at the cross
sections of all the tested samples.

Figure 7 shows the plot of the hardness variation with the
distance from the surface of the AISI 316 stainless steel on its
cross-section sample after cavitation erosion testing. An image
of the tested sample is inserted in the figure, illustrating the
regions where each hardness test was performed. It can be seen
that the work hardening occurred at a thin surface layer
(~0.3 mm) of the AISI 316 stainless steel sample.

3.4 Sand Slurry Erosion Resistance and Eroded Surfaces of
the Tested Samples

The volume loss data for the AISI 316 stainless steel sample
and WC-10Co-4Cr coatings from the sand slurry erosion tests
are presented in Fig. 8.

From Fig. 8, it can be seen that the AISI 316 stainless
steel showed much higher volume loss than those of the two
WC-10Co0-4Cr coatings in the sand slurry erosion testing.
Comparing the two coatings, the DJ coating exhibited a little
higher volume loss at both 30° and 90° impact angles than
the AK coating. In addition, the DJ coating was worn out
after 90 min of slurry erosion at a 90° erosion angle, so the
cumulative volume loss data for this specimen were dis-
carded.

SEM images of the sand slurry erosion surfaces of the AISI
316 stainless steel and the WC-10Co-4Cr coatings are shown in
Fig. 9. It can be seen that the size of grooves and platelets on
the eroded surfaces of the 316 stainless steel were larger than
those on the surfaces of the DJ and AK WC-10Co-4Cr coatings
at both 30° and 90° angles of impingement.

4. Discussion

4.1 Cavitation Behaviors of the AISI 316 Stainless Steel and
the WC-10Co-4Cr Coatings

The higher cavitation erosion rate for the two coatings at the
beginning of the testing can be attributed to their larger surface
roughness and some relatively loose particles on the surfaces of
the as-sprayed coatings.

The materials subjected to cavitation erosion can be
destroyed by repeated short-time impacts (Ref 15). Some
cracks induced by the cyclic micro-impact loads (marked by
arrows in Fig. 5, 7b, d and f) were generated and propagated,
and the material fatigued. A larger number of the particles
(marked by the ellipses in Fig. 6b) were continuously pulled off
from the tested samples according to their eroded surfaces and
cross-section morphologies. It can be seen that the AISI 316
stainless steel and DJ coating have higher roughness and
cumulative volume loss, while AK coating has lower cumu-

3509
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Microhardness (HV0.05)
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504

th of work-hardening 1ayeq’
r g |
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Distance from the cavitation surface of the 316 stainless steel(m)

Fig. 7 The hardness of the AISI 316 stainless steel on its cross
section after cavitation erosion testing
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Fig. 8 The cumulative and slurry erosion volume loss of the AISI
316 stainless steel sample and WC-10Co-4Cr coatings
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Fig. 9 SEM images of the sand slurry erosion surfaces of the AISI 316 stainless steel and the WC-10Co-4Cr coatings: 30° (a) and 90° (b) for
AISI 316 stainless steel; 30° (c) and 90° (d) for the DJ coating; 30° (e) and 90° (f) for AK coating

lative volume loss and the smoothest eroded surface after
720 min of cavitation testing according to Fig. 4, 5 and 6.
Wau et al. (Ref 16) proposed that the cavitation bubbles can
easily nucleate at surface gouges and pores, and their presence
can accelerate the damage caused by cavitation erosion. Their
work shows that the existing damage pits or inherent porosity
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can initiate erosion damage. Since the AISI 316 stainless steel
samples originally had the lowest surface roughness, this
caused the relatively small degree of cavitation erosion at the
beginning of the cavitation erosion testing. With the increase of
the cavitation time, some small damage pits could occur. The
cavitation bubbles were expected to nucleate and grow easily



around these newly formed pits. Hence, the small damage pits,
being continuously attacked during further cavitation, grew
wider and deeper, which resulted in high cavitation erosion rate
at the end of the test. From Table 2, it can be seen that
compared to the DJ coating, the AK coating had lower surface
roughness and porosity, which was responsible for its lower
degree of cavitation erosion. In addition, the higher fracture
toughness of the AK coating can also hinder the generation and
propagation of the cracks during the cavitation erosion process,
which may also explain its higher cavitation erosion resistance
in comparison with the DJ coating.

Cavitation erosion is a steady-state damage process. The
material surface subjected to the continuous impact, was
continuously work hardened and then fractured. Hence, this
thin work-hardened layer could have some contribution to the
erosion resistance. The two coatings, however, exhibited no
obvious hardening phenomenon.

4.2 Sand Slurry Erosion Behavior of the AISI 316 Stainless
Steel and the WC-10Co-4Cr Coatings

According to Fig. 4, the erosion behavior of the AISI 316
stainless steel exhibited typical erosion characteristics of ductile
materials with the highest volume loss at both 30° and 90°
impingement angles among all the tested materials. The DJ
coating exhibited a little higher volume loss at 90° than at 30°
erosion angle, which showed some characteristics of the brittle
materials’ erosion properties. The AK coating, however,
showed some extent of the erosion properties of the ductile
materials, which can be partially attributed to its high fracture
toughness and the cobalt phase with a more obvious crystalline
structure (Fig. 3).

After the 30° impingement tests, the eroded surfaces showed
extensive plastic deformation and many grooves (marked by
arrows in Fig. 9a, c, and e), and the main erosion mechanisms
observed were micro-cutting and micro-plowing for the AISI
316 stainless steel and the WC-10Co-4Cr coatings. The lost and
will be lost material platelets (marked by ellipses in Fig. 9a)
were induced by the repeating impact of the erodent sand for
the AISI 316 stainless steel. As for the two WC-10Co-4Cr
coatings, it can be seen that the grooves might have formed
predominantly in the softer binder region, leading to dislocation
of the hard WC particles (Fig. 9c and e). The grooves in the
binder region acted as failure initiating concentrators, and
carbide grains were then cut off by the erodent sand (Ref 17).
For the 90° impact angle, the dominating erosion mechanism of
the AISI 316 stainless steel sample was the detachment of
highly deformed platelets (Fig. 9b) as a consequence of the
repeated impacts of the sand particles over the surface. For the
two WC-10Co-4Cr coatings, the main erosion mechanism was
that the soft Co-Cr binder was firstly cut and chiseled by the
erodent sand particles, accompanied by the WC particles
broken (marked by rectangles in Fig. 9c, d, e, and f). Finally,
the WC particles were pulled off due to losing the support of
the binder under the combined impact of the high-velocity
erodent particles and water. A similar sand erosion mechanism
has been reported earlier by Thakur and Arora (Ref 18).

In addition, the signs of micro-plowing and micro-cutting
were still observed on the eroded surfaces of the AISI 316
stainless steel and the two WC-10Co-4Cr coatings after the 90°
impingement tests. The reason was that the drag forces caused
by the water presence could partially prevent the direct impact
of particles against the surface (Ref 19). Compared with the two

WC-10Co-4Cr coatings, the sizes of grooves and platelets on
the eroded surface of the AISI 316 stainless steel are smaller
(Fig. 9), which can be attributed by the following two reasons.
(1) The erodent sand employed in the erosion experiment was
SiO, whose hardness was higher than the AISI 316 stainless
steel and the CoCr binder in the coatings, while was lower
than the WC particles. The higher hardness of WC particles in
the WC-10Co-4Cr coating can effectively hinder the micro-
cutting, plowing, and chiseling of the erodent sand during the
erosion process, which resulted in less erosion volume loss of
the coatings than of the AISI 316 stainless steel. (2)Due to
their high average macro-hardness coupled with medium
toughness, the WC-10Co-4Cr coatings deposited by the
HVOF process (DJ coating) and especially by the HVAF
(AK coating) spray process can decrease the depth of grooves
and the size of platelets caused by the erodent sand, and
exhibit much higher erosion resistance than the AISI 316
stainless steel.

5. Conclusions

Two WC-10Co-4Cr coatings were deposited by the HVAF
and HVOF spray processes, respectively. The phase composi-
tions, mechanical properties, cavitation and sand slurry erosion
resistances of these two as-sprayed coatings were investigated
and compared to the AISI 316 stainless steel.

(1) The cumulative cavitation and sand slurry erosion vol-
ume losses of the two investigated coatings were lower
than those of the AISI 316 stainless steel, which can be
attributed to the higher average hardness of the coatings.
In addition, the WC-10Co-4Cr coating deposited by the
HVAF spraying process exhibited lower porosity, with
higher hardness, fracture toughness, cavitation and sand
slurry erosion resistances than the one produced by the
HVOF spraying process.

(2) The cavitation erosion of the AISI 316 stainless steel
and WC-10Co-4Cr coatings occurred due to the gen-
eration and propagation of cracks induced by the cyclic
micro-impact loads, which led to a larger number of par-
ticles being continuously pulled off of the surface of the
tested materials and the further materials fatigue.

(3) The micro-cutting and micro-plowing were the main
mechanisms for the sand slurry erosion of both the AISI
316 stainless steel and the WC-10Co-4Cr coatings at the
low impact angle, while the micro-cutting and micro-
chiseling of the Co-Cr binder phase accompanied by the
breaking and pulling off of the WC particles were the
main mechanism for the sand slurry erosion of the WC-
10Co-4Cr coatings at the high impact angle.

(4) The WC-10Co-4Cr coatings, especially those prepared
by the HVAF spray process have a great potential for
being used for the surface protection of hydro-turbine
components against cavitation and sand slurry erosion.
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