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A study of high-speed slurry erosion of NiCrBSi thermal-sprayed coating
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Abstract

The test specimens of NiCrBSi coating were prepared using the high velocity oxy-fuel spraying technique with a post-thermal treatment. Their
high-speed slurry erosion characteristics have been systematically studied. SUS304 stainless steel was selected as the comparison material.
Experimental results show that the NiCrBSi sprayed coating exhibits a much better slurry erosion resistance than the SUS304 stainless steel. The
erosion rate for the NiCrBSi sprayed coating slightly increases with the impinged angle. However, a maximum erosion rate appears at an impinged
angle of around 30° for SUS304 stainless steel. Both NiCrBSi sprayed coating and SUS304 stainless steel exhibit impinged surfaces with lots of
furrows at an impinged angle of 30°. At a high impinged angle of 90°, the SUS304 stainless steel exhibits an impinged surface with lots of overlapping
and irregular concavities, while, these features are less obvious for NiCrBSi sprayed coating. The hardness of SUS304 stainless steel increases
significantly with increasing impinged angle during the high-speed slurry erosion. But, there is no obvious work hardening for the NiCrBSi sprayed
coating due to its extra-high hardness and less plastic deformation, even at a high impinged angle of 90°.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The turbine blades, needles and nozzles in the hydraulic
machinery have to tolerate perpetual high-speed water (with or
without solid particles) impingement, and hence they must have
excellent strength, toughness and erosion resistance. However, the
erosion resistance of conventional turbine blades, made of low-
carbon steel, low-manganese steel, stainless steel, white cast iron or
plastic resin, is very low. These turbine blades are easily damaged
under high-speed water (with or without solid particles) impinge-
ment, thus interrupting hydraulic power generation [1,2]. Hence, it
is important to develop more erosion-resistant materials.

Recently, various hardfacing coatings with different composi-
tions have been developed and mainly used in the chemical
industry, petrol industry, and for valves, hot working punches, mud
purging elements in cement factories. Among these hardfacing
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coatings, the nickel-based self-fluxing alloys (NiCrBSi-based
alloys) [3–11] are more attractive due to their excellent wear and
corrosion resistance at high temperatures and their relatively low
cost. The alloying elements of boron, chromium and carbon in
these alloys will produce the hard phases of borides, carbides and
hence raise the cavitation and wear resistance of the coatings. The
direct addition of various hard compounds, such as WC, TiC and
B13C2, can also significantly improve the tribological properties of
these coatings. Tu et al. [12] reported that the WC addition can
improve the erosion resistance at high temperatures of 400–500 °C.
Sugiyama et al. [13] also studied the slurry wear of WC/Ni/Cr/Co
spray-fused coating at flow speeds of 10–40m/s and found that the
coating hardness had an important influence on the slurry wear
resistance of the sprayed coatings. In the hydraulic power
generation, however, the hydraulic machinery often encounters
the slurry attack with a flow speed even higher than 100 m/s. Our
understanding in this area of high-speed slurry attack for these
sprayed coatings is incomplete. In the present study, hence, we aim
to investigate the slurry erosion characteristics of NiCrBSi thermal-
sprayed coating by using the high-speed water/sand impingement
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Table 1
Parameters of high velocity oxy-fuel spraying used in the present study

Gun type Metco 5P
Substrate preheat (°C) 150
Powder feed rate (lb h−1) 16
Spray distance (mm) 180
Flow rate of C2H2 (l min−1) 34
Flow rate of O2 (l min−1) 32
Air pressure (lb in.−2) 20

Table 2
Parameters of water/sand impingement erosion used in the present study

Impinged angle (°) 15, 30, 45, 60, 75, 90
Impinged speed (m/s) 82.9, 90.8, 99.5, 105, 117.3
Impinged medium Fresh water mixed with fresh quartz sand
Sand flow (g/min) 2±0.5
Sand size (μm) 263–363
Erosion time (h) 2
Test temperature (°C) 25
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tests. Meanwhile, the SUS304 stainless steel (commercially
available and often used as an erosion-resistant material) is also
studied for comparison.

2. Experimental procedure

The high velocity oxy-fuel (HVOF) spraying technique was
employed to prepare the NiCrBSi coating on the substrate of AISI
1045 carbon steel. The spraying parameters are presented in
Table 1. The composition of powder used for spraying isNi–17Cr–
3B–4Si–4Fe–1C (wt.%). The sprayed coating had a 1.5 mm
thickness and exhibited a melting temperature of 1050 °C. To
reduce the amount of porosity and increase the bonding strength
between the coating and substrate [14,15], the sprayed sample was
subjected to a post-thermal treatment at 1030 °C for 30 min.
Specimens with a dimension of 20×20×10 mmwere carefully cut
from these plateswith a low-speed diamond saw. The slurry erosion
test was carried out according to the ASTM G73-93 and G76-95
standard test methods [16,17]. The set-up of the experiment is
illustrated in Fig. 1. For the slurry impingement erosion test, a high-
speed water jet was ejected from a nozzle of 4 mm diameter, mixed
with quartz sand of irregular shape, and then impinged on the tested
specimen which was located 15 mm away from the nozzle. Details
of parameters for the impingement erosion test are presented in
Table 2. A double disk method [18], as illustrated in Fig. 2, was
used to precisely measure the impinged flow speed. At a fixed
speed of the impinged flow, the disks rotated with a proper speed of
ω, and the impinged flow could only pass the notch in the first disk
and then impinge on the second disk. The disk speed ω was
measured by using a TESTON-DT5350 optical measurer of
rotation speed. The distance between these two disks was L and the
Fig. 1. Configuration of the impinge
angle difference between the impinged trace and the notch was θ.
The speed of the impinged flow (V) could be calculated from Eq.
(1).

V ¼ Lx=h ð1Þ
The surface morphologies were observed by a Topcon ABT-55

SEM. Porosity of the sprayed coating was measured from the
micrographs with the aid of an image analyzer. The hardness of the
as-impinged surface was carefully measured with a micro-Vickers
tester using a load of 300 g for 15 s. For each specimen, the average
hardness value was calculated from at least five test readings. The
weight loss after impingement erosion was measured by using a
precise electronic balance, with a weighing accuracy of ±0.01 mg.
3. Results and discussion

3.1. Factors influencing the slurry erosion characteristics of
NiCrBSi sprayed coating

There are many factors that influence the slurry erosion rate.
The flow conditions along with the properties of target material
as well as the fluid and particle influence the impact dynamics
of the impinged particle-to-target surface interactions and thus
the erosion rate. The general expression for erosion rate, W, has
been established empirically as below [19,20]:

W ¼ MPKf ðaÞVn
P ð2Þ

WhereMP is the mass of impinged particles impacting the surface,
VP is the particle velocity on impact and f(α) is a functional
ment erosion testing equipment.



Fig. 2. Illustration of the double disk method used to measure the impinged speed.

Fig. 3. Optical surface morphologies of (a) NiCrBSi sprayed coating, (b) original
SUS304 stainless steel and (c) SUS304 stainless steel subjected to impingement
erosion of pure water for 10 h.
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relationship for the dependence of the erosion rate on the impact
angle. K and n are constants depending on the properties of the
target material, such as the hardness, elastic modulus, facture
toughness and surface roughness. Besides, the thermal expansion,
bond strength, residual stress and thickness of the hardfacing
coatings also have important effects on the erosion behaviors.

According to Richardson [21], when the impinged particles are
harder than the tested specimen and exceed a critical size, say 120–
130 μm for ductile materials and 100–125 μm for brittle materials,
the intrinsic properties of impinged particles will have no obvious
effect on the impingement erosion rate. Meanwhile, impinged
particles with irregular shape will cause serious erosion damage
[22], which will shed light on the impingement erosion
characteristics of the testedmaterials. Hence, the impinged particles
used in this study, 263–363 μm quartz sand with irregular shape,
can be considered as a controlled impingement parameter. We
mainly investigate the influences of flow speed and impact angle of
impinged particles on the slurry erosion characteristics of the
HVOF sprayed NiCrBSi coating in this study.

Fig. 3(a–b) shows the typical surface morphologies of the
post-thermal-treated NiCrBSi coating and SUS304 stainless
steel, respectively. Shieh et al. [14] had discussed more the
microstructures, amount of porosity and existing phases for the
as-sprayed and post-thermal-treated NiCrBSi coatings. They
had found that the porosity can be significantly reduced from 20
to 0.3 vol.% by the post-thermal treatment. This feature can also
be observed in Fig. 3(a) for the post-thermal-treated NiCrBSi
coating. This dense structure of post-thermal-treated NiCrBSi
coating is believed to exhibit a better slurry erosion resistance
than the as-sprayed coating with higher amount of porosity.
Hence, all the NiCrBSi spayed coatings have been carried out
with a post-thermal treatment prior to testing in this study. Apart
from the metallurgical properties, many testing parameters, e.g.,
the erosion time, impinged angle and impinged flow speed in
this study, can also influence the impingement erosion
characteristics of NiCrBSi sprayed coating. During the high-
speed impingement of pure water, there is no obvious change
for the NiCrBSi sprayed coating even when the erosion time
reaches 10 h. This feature also indicates that the NiCrBSi
coatings have an excellent resistance of corrosion due to the
existence of a large quantity of Ni and Cr elements. Hence, after
a long period of impingement by pure water, there is even no
erosion or corrosion trace. In comparison, the surface mor-



Fig. 4. Cumulative weight losses versus erosion time for NiCrBSi sprayed
coating after impingement at (a) 30° and (b) 90° angles, and with impinged
speeds ranging from 82.9 to 117.3 m/s.

Fig. 5. Erosion rates versus impinged angle for (a) NiCrBSi sprayed coating and
(b) SUS304 stainless steel at various impinged speeds.
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phology of SUS304 stainless steel has obvious erosion trace
after 10 h impingement, as shown in Fig. 3(c).

3.1.1. Erosion time
Fig. 4(a–b) shows the cumulative weight loss versus erosion

time at various impinged speeds ranging from 82.9 to 117.3m/s for
NiCrBSi sprayed coating at 30° and 90° impinged angles,
respectively. The cumulative weight losses versus erosion time at
other impinged angles show a similar variation tendency to those in
Fig. 4(a–b), and are omitted here. As seen in Fig. 4(a–b), the
cumulative weight losses increase linearly with the increasing
erosion time. This indicates that the erosion mechanism for the
NiCrBSi sprayed coating does not change noticeably, implying a
steady erosion damage during the impingement process, regardless
of the variation in impinged angle and speed.
3.1.2. Impinged angle and speed
Fig. 5(a–b) shows the erosion rate versus impinged angle at

various impinged speeds for NiCrBSi sprayed coating and SUS304
stainless steel, respectively. The gravimetric erosion rate, com-
monly used to measure the erosion damage [23], is defined as the
weight loss from the specimen surface per unit weight of impinged
particles. In Fig. 5(a), the erosion rate for the NiCrBSi sprayed
coating is found to slightly increase with impinged angles. Hence,
the difference of erosion rate at high and low impinged angles is
quite small, except that at the impinged speed of 117.3 m/s. At this
super-high impinged speed, an obvious increment of erosion rates
with increasing impinged angles can be observed. On the contrary,
Fig. 5(b) shows that the maximum erosion rates appear at a 30°
impinged angle for SUS304 stainless steel, especially at higher
impinged speeds. These phenomena can be explained below. As
reported in previous studies [24–29], the ductile materials exhibit a



Fig. 6. Scanning electron micrographs of impinged surfaces for (a–b) SUS304 stainless steel and (c–d) NiCrBSi sprayed coating, subjected to an impingement erosion
of 2 h at various angles. (a), (c) 30°; (b), (d) 90°. The specimens are observed with a tilting of 15° from the cross-section view.

Table 3
Surface hardness after impingement erosion of 2 h at various impinged angles
for NiCrBSi sprayed coating and SUS304 stainless steel

Specimens Hardness (Hv)

Before
erosion

Impinged angles

15° 30° 45° 60° 75° 90°

NiCrBSi coating 756 769 772 779 773 780 779
SUS304 264.3 323.5 348.0 422.9 428.5 470.0 481.0
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maximum erosion rate at around 30° impinged angle. The high-
speed impingement at low impinged angle will enhance material
removal by microcutting, thus increasing the erosion rate. At high
impinged angles, the normal compressive force will mainly
produce the accumulated damage from fatigue, shear localization,
microforging and extrusion processes. These processes could only
produce slighter erosion damage than that by cutting removal at
low impinged angles.Hence, there appears amaximumerosion rate
at about 30° impinged angle for ductile materials, such as SUS304
stainless steel. However, the material removal by microcutting at
low impinged angles for NiCrBSi coatings is quite slight due to
their extra-high hardness (a high toughness is also considered).
These NiCrBSi coatings can also have a less plastic deformation at
high impinged angles and exhibit a slight erosion rate. Meanwhile,
the micro-porosities existing within the NiCrBSi coatings will also
play an important role on their erosion damage. All these features
make the NiCrBSi coatings exhibit a different erosion behavior
from the SUS304 stainless steel.

As compared in Fig. 5(a–b), the erosion resistance of
NiCrBSi sprayed coating is much higher than that of SUS304
stainless steel, especially at lower impinged angles and higher
impinged speeds. Namely, NiCrBSi sprayed coating is an ex-
cellent erosion-resistant material. In fact, a preliminary test has
revealed that the NiCrBSi spray coating can increase signifi-
cantly the using-life, 3–4 times, of needles and nozzles in
hydraulic machinery.
3.2. Surface morphology and hardness after impingement
erosion

Fig. 6(a–b) and (c–d) shows SEM micrographs of the
impinged surfaces for the SUS304 stainless steel and NiCrBSi
sprayed coating, respectively, subjected to impingement erosion of
2 h at an impinged speed of 99.5 m/s and impinged angles of 30°
and 90°. To clearly present both the surfacemorphologies and cross
sections, the impinged specimens are observed with a tilting of 15°
from the cross-section view. No cracks are observed in the cross
sections of Fig. 6(a–d). This indicates that both SUS304 stainless
steel and NiCrBSi sprayed coating exhibit a ductile behavior.
Moreover, two distinct surface morphologies can be found in these
micrographs. As shown in Fig. 6(a) and (c) for the impingement at
low angle of 30°, the surface morphologies exhibit lots of long
furrows and ridges, which are ploughed out by the impinged
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particles, regardless of the SUS304 stainless steel or NiCrBSi
sprayed coating. Carefully examining Fig. 6(a) and (c), the
impinged furrows and ridges of NiCrBSi sprayed coating seem to
be shallower than those of SUS304 stainless steel. At a high
impinged angle of 90°, the surface morphology of SUS304
stainless steel exhibits lots of overlapping and irregular concavities,
as shown in Fig. 6(b). This is because the impact force of particles at
high impinged angles is mostly used to induce plastic deformation
for SUS304 stainless steel. The combined deformation of
microforging and extrusion will produce indented concavities
and protruding thin platelets. These protruding thin plates will then
be partially impinged off by the subsequent impinged particles or
attached onto the nearby surface, as the arrows indicate in Fig. 6(b).
However, for the NiCrBSi sprayed coating with an extra-high
hardness, less plastic deformation is induced during the impinge-
ment. Meanwhile, the micro-porosities existing within the sprayed
coating are considered as the preferential sites for erosion damage.
Hence, the overlapping concavities and protruding thin platelets are
less obvious for the NiCrBSi sprayed coating. Instead, some
concavities originating from the micro-porosities can be observed
in Fig. 6(d).

Table 3 presents the surface hardness after an impingement
erosion of 2 h at various impinged angles for bothNiCrBSi sprayed
coating and SUS304 stainless steel. The surface hardness of the
impinged specimens has a similar value although the impinged
speeds are different. In Table 3, the surface hardness of NiCrBSi
sprayed coating is nearly unchanged after impingement erosion at
various impinged angles. This feature is reasonable because the
NiCrBSi sprayed coating has an extra-high hardness and
toughness. There is no obvious work hardening for this specimen
because less plastic deformation occurs during the impingement
erosion. However, the surface hardness of SUS304 stainless steel is
found to be significantly raised after the impingement erosion. This
is due to work hardening induced by the high-speed slurry
impingement. Meanwhile, the work-hardening effect is more
obvious at higher impinged angles. This is because the normal
compressive force impacting on the surface is higher at higher
impinged angles and will induce greater andmore extensive plastic
deformation, and hence enhance the work hardening. Though local
strains may be introduced during the cutting process at lower
impinged angles, only slight plastic deformation occurs on the
impinged surface and hence the work hardening is low.

4. Conclusions

The high-speed slurry erosion characteristics of NiCrBSi
sprayed coating and SUS304 stainless steel are examined and
result in the following conclusions.

1. The post-thermal-treated NiCrBSi coatings have an extra-
high hardness and small quantity of porosity. They can
exhibit a much better slurry erosion resistance than the
SUS304 stainless steel, especially at lower impinged angles
and higher impinged speeds. A preliminary test has revealed
that the NiCrBSi spray coating can increase significantly the
using-life, 3–4 times, of needles and nozzles in hydraulic
machinery.
2. The erosion rate for the NiCrBSi sprayed coating slightly
increases with impinged angles. However, amaximum erosion
rate appears at an impinged angle of 30° for SUS304 stainless
steel, especially at higher impinged speeds.

3. The surface morphologies exhibit lots of long furrows and
ridges at a low impinged angle of 30°, regardless of the SUS304
stainless steel or NiCrBSi sprayed coating. At a high impinged
angle of 90°, the SUS304 stainless steel exhibits an impinged
surface with lots of overlapping and irregular concavities due to
the deformation of microforging and extrusion. However, these
features are less obvious for NiCrBSi sprayed coating, due to its
extra-high hardness and the micro-porosities existing within the
sprayed coating.

4. The hardness of SUS304 stainless steel increases significantly
with increasing impinged angle during the high-speed slurry
erosion. But, there is no obvious work hardening for the
NiCrBSi sprayed coating due to its extra-high hardness and
less plastic deformation, even at a high impinged angle of 90°.
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