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Abstract: Cavitation erosion and jet impingement erosion can result in a great loss of materials. NiTi
alloy is a very promising candidate to acquire cavitation erosion resistance and jet impingement
erosion resistance because of its superelasticity. Due to the high cost and poor workability of NiTi
alloy, many people tried to overcome such drawbacks by preparing NiTi coatings on the basis of
deteriorating the good properties as little as possible. From the aspect of the application of NiTi
coating, the erosion resistance should be evaluated comprehensively. One of these evaluations
involves the comparison of cavitation erosion resistance and jet impingement erosion resistance of
NiTi. This evaluation has not been made thus far. Thus, in this study, the NiTi coating was prepared by
air plasma spraying (APS) using pre-alloyed NiTi powder. Its microstructure, chemical composition
and phase transformation were identified. Cavitation erosion behavior and jet impingement erosion
behavior of the as-sprayed NiTi coating were compared. The results showed that the coating exhibited
better jet impingement erosion resistance than cavitation erosion resistance. This was attributed to
the oxides, impurities, cracks and pores that existed in the coating, whose effects on deteriorating the
cavitation erosion were far greater than those worsening the jet impingement erosion.

Keywords: NiTi coating; cavitation erosion; jet impingement erosion; air plasma spraying

1. Introduction

Cavitation erosion and jet impingement erosion often occur in high speed and ultrasonic mixing
systems. To repair the damage caused by cavitation erosion and jet impingement erosion, millions of
pounds have to be expended every year [1–3].

In general, when the hydrodynamic pressure changes, vapor cavities are formed. The subsequent
collapse of these unstable bubbles creates the shock wave and/or micro-jet in turbulent flows,
which can impact surfaces and initiate cavitation erosion damage [4–7]. Typically, jet impingement
erosion is defined as the acceleration or increase in the rate of metal/alloy deterioration caused by the
mechanical damage due to the impacting of solid particles. Such erosion involves in surface damage
and severe material loss caused by the repetitive impact of hard erodent particles [8–11].

NiTi alloy is a very promising candidate to acquire both cavitation erosion resistance and
jet impingement erosion resistance [12]. The nearly equiatomic NiTi intermetallic compounds,
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called the shape memory alloys, have unique properties such as shape memory effect, superelasticity,
high corrosion resistance and fatigue strength [13–15]. For wear applications of shape memory alloys,
the superelasticity has been considered as the major property. The martensitic transformation may also
be stress-induced, giving rise to the superelastic effect. The superelastic effect occurs by the application
of stress when the materials are in the temperature range of thermally stable austenite. This property
allows for the material to undergo a significant deformation during loading, with full recovery of
its shape upon unloading. For the particular case of NiTi shape memory alloys, the stress-induced
martensite is highly deformable by twin boundary migration when external stresses are applied,
leading to the reorientation of the martensitic plates [16]. In principle, the mass loss in the processes of
both cavitation erosion and jet impingement erosion originates from either the impact stress (from the
shock wave, micro-jet, or hard erodent particles) or the crack propagation. The superelasticity of the
NiTi alloy can mitigate the effect of the impact stress and retard the crack propagation, which can result
in high cavitation erosion and jet impingement erosion resistance. In recent years, the high cavitation
erosion resistance of the NiTi alloy has already been demonstrated by several authors. Many authors
reported that both austenite and martensite contributed to the high cavitation erosion resistance of
NiTi alloy [13,17,18]. Wu et al. [14] reported that the variants accommodation, pseudoelasticity of
stress-induced martensite and high work-hardening rate could improve the erosion resistance of NiTi
alloy. Shida et al. [19] showed that the erosion resistance of the NiTi alloy was strongly dependent on
chemical composition and microstructure, but not on hardness.

However, the high cost and poor workability restrict the wide application of NiTi alloy. In order
to conquer its shortcomings, people have tried to prepare the NiTi coatings on the basis of sacrificing
the superior properties of NiTi alloy as little as possible. Many investigations have been carried
out to prepare NiTi coatings or films with cavitation and erosion resistance. These NiTi coatings
are generally prepared by explosive welding [20,21], low pressure plasma spray process (LPPS,
used to be called VPS) [4,15,22,23], air plasma spraying (APS) [22–24], high velocity oxy-fuel spray
(HVOF) [22–25], tungsten inert gas (TIG) [26], laser [27,28], laser plasma hybrid spraying [29,30],
sputter depositing [31], cold spraying [32,33] and modified high-velocity oxygen fuel spraying process
(so called low temperature HVOF) [34–37]. Many researchers studied the cavitation erosion resistance
of NiTi coatings. For example, Cheng et al. [26–28] reported that the cavitation erosion resistance was
ranked in descending order as: NiTi plate > 316-NiTi-Laser > 316-NiTi-TIG > AISI 316L. However,
almost no investigations focused on the resistance of jet impingement erosion. Furthermore, no one
made a comparison of the cavitation erosion resistance and the jet impingement erosion resistance of
NiTi coatings, which is useful for the application. Therefore, this comparison is worthwhile.

In the present work, our purpose is to make a comparison of the cavitation erosion resistance and
the jet impingement erosion resistance of NiTi coatings. We are interested in whether the NiTi coating
can hold the excellent characteristics of the NiTi alloy. The APS is used to prepare the NiTi coating
because it does not need a vacuum chamber and the shape of the workpiece is not limited, although the
coating made by this method has more oxides, pores and impurities compared to that made by LPPS.
The microstructure, chemical composition and defects of the as-prepared NiTi coating are evaluated,
and the cavitation erosion resistance and jet impingement erosion resistance are compared.

2. Materials and Methods

2.1. Materials

In the present work, NiTi powder was used, which was obtained from Beijing AMC Powder
Metallurgy Technology Co., Ltd. (Beijing, China). The powder was prepared using commercial NiTi
rods by electrode induction inert gas atomization. The chemical compositions of NiTi powder are listed
in Table 1. Figure 1b shows the XRD patterns of NiTi powder. The main phase is austenite B2 (NiTi).
No other intermetallic compounds, carbides or oxides are found, which may be due to the low content
of these impurities. Figure 1a shows the morphology of NiTi powder used as a starting material
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for APS processing. The powder has a spherical shape, and its degree of sphericity is 0.89. That
means excellent flowability for the powder feeding. The particle size of the powders was measured
by the laser particle analyzer. The d10, d50 and d90 values are 53.20 µm, 78.13 µm and 124.70 µm,
respectively. These values are suitable for APS. The relatively large diameter of the powders can ensure
the flowability of the powders and reduce the phenomenon of overburning.

In addition, the NiTi alloy plate was used as the comparing material, whose phase and chemical
composition are austenite B2 and Ni50.5Ti49.5 at %, respectively.

Table 1. Chemical compositions of NiTi powder (at %).

Ni Fe C Ti

49.48 0.0001 0.0002 50.49
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of NiTi powder.

2.2. Preparation of Coating

The 304 stainless steel was selected as the substrate with 140 mm in length, 50 mm in width and
5 mm in thickness, which was prepared by descaling and blast cleaning before APS. The descaling can
clean the surface of substrate, and the blasting with corundum can improve the roughness of substrate.
The chemical composition of 304 stainless steel is listed in Table 2.

Table 2. Chemical compositions of 304 stainless steel (wt %).

C Cr Ni Si Mn P S Fe

0.024 17.38 8.13 0.53 1.074 0.034 0.004 Bal.

The APS equipment is homemade, mainly including the power supply, control cabinet, spray gun,
powder feeder, circulating water cooling and gas supply systems. The schematic diagram of the APS
system is shown in Figure 2. The inert gases are taken to the plasma generator (plasma gun), and these
inert gases are heated and activated when they pass through the direct current arc between positive
and negative poles in the plasma gun. Therefore, this ionized the inert gases. This process produces
high temperatures and a high-speed plasma arc flow. The temperature of the plasma arc is so high that
the powders are heated to a molten or semi-molten state. These powders impact the substrate in the
high speed plasma arc flow, resulting in the formation of the coating.
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Figure 2. Schematic diagram of plasma spray system: 1. power supply; 2. high frequency generator;
3. intake pipe; 4. powder feeding tube; 5. tungsten; 6. insulator; 7. the front of the gun; 8. the rear of
the gun.

Before the spraying process, the substrate is heated by the plasma arc flow without powder
feeding. In the process of spraying, the plasma gun moves on a fixed route. When the route is complete
and the spray completely covers the surface of the substrate, this is one spraying cycle. The spraying
parameter is shown in Table 3.

Table 3. APS process parameters.

Spraying Parameters Value

Stand-off distance 120–150 mm
Working current 0.42 KA
Working voltage 72 V

Carrier gas 0.5 MPa N2
Spraying cycles 50

Plasma gas 0.45 MPa H2/0.48 MPa N2

2.3. Microstructure, Chemical Analysis and Phase Transformation

The microstructure of the powder was investigated by optical microscope (OM) (Carl Zeiss
Axio Observer Z1 m, ZEISS, Oberkochen, Germany). The samples and powders were etched by
a solution of 100 mL distilled water, 20 mL hydrofluoric acid and 50 mL nitric acid. The micro-hardness
of the NiTi coating and NiTi plate was measured using a HV-1000 micro-hardness tester (laizhou
hengyi tester equipment Co., Ltd., Laizhou, China). The hardness profile was acquired by means of
a micro-hardness test at a load of 500 g and a loading time of 10 s. The morphology and chemical
composition of the specimen were investigated by using a FEI XL30 field emission gun scanning
electron microscope (FEG–SEM, FEI, Hillsboro, OR, USA). In addition, X-ray diffraction (XRD) using
a Righaku D/max 2400 diffractometer (Rigaku Corporation, Tokyo, Japan)with monochromated
Cu kα radiation (λ = 0.1542 nm) and differential thermal scanning analysis (DSC, STA 449 C,
NETZSCH, Free State of Bavaria, Germany) were used to characterize microstructures, analyze
chemical compositions and evaluate phase transformation.
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2.4. Cavitation Erosion Test

In the cavitation erosion test, the ultrasonically vibratory apparatus was used. The test was carried
out according to the ASTM G32-10 (2010) standard [37]. The equipment consists of an ultrasonic liquid
processor (Q700) from Qsonica, LLC (53 Church Hill Rd., Newtown, CT, USA). A sonicator system
is comprised of three major components: the generator, the converter and the horn (also known as
a probe). The standard probe (probe 4420) was selected. The probe is made from titanium and the
tip diameter is 13 mm. The area of the bottom surface of the probe was bigger than the top surface
of the sample to ensure that the whole top surface of the sample suffers from the cavitation erosion.
The vibration frequency of the probe was 20 kHz and the amplitude was 30 µm. Before the cavitation
erosion test, the sample was ground with SiC emery paper up to grade 2000, washed in the alcohol,
dried in hot air, and weighted using an analytical balance with an accuracy of 0.1 mg. The sample
was submerged in the distilled water, and was placed at a distance of 0.5 mm to the lower surface of
the probe, which was immersed into the test medium to a depth of 15 mm. The temperature of the
distilled water was maintained at about 20 ◦C using the cooling water. The erosion damage of the
samples was evaluated in terms of the mass loss. Each test was repeated at least three times to ensure
the reproducibility.

2.5. Jet Impingement Erosion Test

The jet impingement erosion equipment was homemade. The schematic diagram of the jet
apparatus for erosion corrosion is shown in Figure 3a [38]. In the process of jet impingement erosion,
the diameter of the nozzle was 3 mm. The sample was placed at 5 mm from the nozzle. The impact
angle was set at 90◦. Tap water containing 2 wt % silica sand (70–150 mesh) was used as the test
medium. The shape of the silica sand was irregular and angled, as shown in Figure 3b. It is a recycled
abrasive erosion test during each run and the new silica sand was used for each run. The flow velocity
was 15 m/s throughout the whole process of the jet impingement erosion. Before the jet impingement
erosion test, the samples were ground with SiC emery paper up to grade 2000 and washed in alcohol.
The samples were dried before the tests, and weighed using an analytical balance with an accuracy of
0.1 mg. The erosion damage to the samples was evaluated in terms of the mass loss. Each test was
repeated at least three times to determine reproducibility.
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Figure 3. (a) Schematic diagram of the jet apparatus for erosion corrosion: (1) Control cabinet; (2) variable-
frequency drive; (3) motor; (4) lobular pump; (5) stirring pump; (6–8) valves; (9) impingement
cabinet; (10) thermocouple I; (11) thermocouple II; (12) electromagnetic flowmeter; (13) screw elevator;
(14) impingement angle meter; (15) nozzle; (16) sample; (17) overflow tube; (18) slurry container;
(19) cooling water; (20) heater; (21) frame [38], (b) Morphology of silica sand used for jet impingement
erosion by stereomicroscope.
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3. Results and Discussion

3.1. Microstructure, Chemical Analysis and Phase Transformation

The hardness profile was acquired by the means of a micro-hardness test. The hardness of the NiTi
coating and the NiTi plate is 549.1 HV and 307.7 HV, respectively. Figure 4a shows the cross-sectional
microstructure of the NiTi powder without etching by an optical microscope. Some pores exist in the
interior of powder. These pores are formed in the process of the inert gas atomization of commercial
NiTi rods using electrode induction. The molten powders have an affinity to the gas, and the gas
dissolves into the molten powder. When the powders cool fast, the integrated gas has no time to
escape completely. The residual gas causes the formation of these pores. The existence of these pores in
the powders is taken as one of the reasons for the pores existing in NiTi coating, which will be shown
later. Figure 4b shows the cross-sectional microstructure of NiTi powder after etching. The powders
consist of equiaxed crystal. Figure 1b shows that the equiaxed crystal is austenite B2. Figure 4c shows
the surface microstructure of the NiTi plate after etching. The second phases, oxides and pores are
found on the surface of the NiTi plate before the cavitation erosion test.
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Figure 5 shows the back scattered electron (BSE) microstructure of NiTi coating, in which
un-melted powders, parallel cracks, perpendicular cracks, pores, oxides and impurities can be found.
The un-melted powders retain the state of the starting powders. The length of the plasma arc flow
is short, making it very easy for air entrainment. Then, it can induce the heat inhomogeneity of the
particles in the process of APS. As a result, the partial particles are melted while the other partial
particles are semi-molten. Under the effect of the plasma arc flow, the melted particles form the lamellae
when the particles hit the substrate. However, the un-melted particles are inlaid in the coating and
keep the initial shape of the particles. The existence of pores has a great influence on the mechanical
and corrosion properties of the coating. There are two kinds of pores, macropores and micropores.
The macropores exist between the lamellae. The incomplete filling of the droplets when the droplets
impact substrate and the insufficient flattening of the unmelted particles are the reasons for the forming
of macropores. The micropores are formed for the following reasons. The first one is the insufficient
wetting of the surface of the existing coating. The second is the existing pores in the inner of starting
powders. The third is that the integrated gas has no time to escape when the droplets cool at a high
velocity. The formation of oxides and impurities results from the metallic droplets reacting with the
atmospheric oxygen during their flight to the substrate.
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The cracks in the coating perpendicular to the substrate are through the individual lamellae
and are perpendicular to the lamellae. The forming of these kinds of cracks is due to the cooling of
the droplets at a high velocity. In the process of APS, the cooling and flattening of the droplets are
two separate processes. When the droplets with high temperatures impact the previously deposited
lamellae, cooling and flattening can happen. The cooled and flattened droplets will shrink, but the
previously deposited lamellae will limit this shrinking. It will induce staining inside the coating,
and cracks will form consequently so the stress can be released. The reason the cracks in the coating
form parallel to the substrate is the sheer stress generating at the interface between the freshly impacted
lamellae and the previously deposited surface.

Figure 6 shows the EDS analysis of the NiTi coating. The dark grey areas C and D are the oxides.
The oxide layer around each lamella can reduce the area fraction of intimate contact. The light grey
area A is the austenite phase B2. The white area B is solid solution nickel with a very small amount of
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titanium. This result can be verified in the XRD patterns as shown in Figure 7. The austenite phase B2
of area A occupies the main part of the coating.
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Table 4 shows the chemical compositions of the selected area from the NiTi coating. Combining the
results of the XRD patterns as shown in Figure 7, the areas C and D may be the TiO and NiTi2/Ni2Ti4O3.
Line scanning of the selected area from the NiTi coating is shown in Figure 6, in which titanium, nickel
and oxygen elements are the foci. Because the titanium has an affinity for oxygen, the oxygen content
increases with the titanium content. In the dark grey area, the content of titanium is more than that
of nickel. In the white area, the content of nickel is more than the content of titanium. The XRD
pattern of coating shown in Figure 7 also confirms that Ni4Ti3 exists in the coating. It is not found in
Figure 5 (BSE microstructure of NiTi coating with a magnification). The Ni4Ti3 may be very small and
is only distributed in area A as shown in Figure 6. Compared with the diffraction peak of the starting
powder, the diffraction peak of the as-sprayed coating is obviously broadened as shown in Figure 7.
The starting powder impact the substrate in high speed during the process of APS. The particles with
high temperatures have severe plastic deformation. These could result in dynamic recrystallization and
the emergence of high deformation regions. The grain refinement phenomenon leads to a decrease in
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the grain size and widens the diffraction peak. In addition, the plastic deformation of particles results
in the microstrain between grains or intergranular grains. The crystal plane space and the diffraction
angle of grains are changed. The diffraction peaks of different diffraction angles are superimposed,
so the measured diffraction peaks broaden.

Table 4. Chemical compositions of the selected area from NiTi coating in Figure 6.

The Selected Area
Composition (at %)

Ni Ti O

A 49.41 50.59 –
B 97.90 2.10 –
C 7.78 25.30 66.91
D 17.54 33.49 48.97

Figure 8 shows the DSC curve of (a) NiTi powder and (b) as-sprayed NiTi coating. The DSC peak
of NiTi coating widens compared with that of the NiTi powder. Ni4Ti3, NiTi2/Ni2Ti4O3, Ni and TiO,
can induce the fluctuations of the Ni:Ti ratio. This could be the main reason for the broadening of the
NiTi coating DSC peak.
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3.2. Cavitation Erosion Test

Figure 9a shows the cumulative mass loss with time for cavitation erosion of the NiTi coating
and the NiTi plate. The mass loss of the NiTi coating was far greater than that of the NiTi plate. After
testing for 30 h, the mass loss of the NiTi coating was 5.2 times that of the NiTi plate. There was no
incubation period for the cavitation erosion of NiTi coating. In contrast, the mass loss of NiTi plate
was still in the incubation period.

Figure 9b shows the XRD pattern of (A) as-sprayed NiTi coating and (B) NiTi coating after 30 h
cavitation erosion. Compared to the as-sprayed NiTi coating, the NiTi coating after 30 h cavitation
erosion had no Ni and NiTi2/Ni2Ti4O3. It indicated that Ni and NiTi2/Ni2Ti4O3 on the surface of the
NiTi coating were removed after 30 h cavitation erosion. The austenite B2 is still in the main phase.

Figure 10 shows the surface morphologies of the NiTi plate and the NiTi coating after 30 h
cavitation erosion. Some eroded areas and some little pits can be detected on the surface of NiTi plate.
Even so, there are still some intact areas on the surface. The eroded areas look like popcorn. Some
weak points like second phases and oxides in the NiTi plate (Figure 4c) could be removed easily in the
initial stage of cavitation erosion. These little pores could be cavitation sources even when the quantity
of the pores is small. Thus, the cavitation damages are mainly the location of these defects.



Coatings 2018, 8, 346 10 of 17

Coatings 2018, 8, x FOR PEER REVIEW  10 of 17 

 

 

Figure 9. (a) Cumulative mass loss as a function of cavitation erosion time for NiTi coating and NiTi 
plate; (b) XRD pattern of (A) as-sprayed NiTi coating and (B) NiTi coating after 30 h cavitation erosion. 

 

Figure 10. Surface morphologies of (a) NiTi plate, (b) NiTi coating and (c) magnification of the selected 
area for NiTi coating after 30 h cavitation erosion. 

In Figure 10b, some huge and deep pits exist on the surface of the NiTi coating after 30 h 
cavitation erosion. There are also some intact areas on the surface. The diameter of some pits is more 
than 100 μm. The magnification of selected areas for the NiTi coating after 30 h cavitation erosion is 
shown in Figure 10c. The shape of the fracture shows typical brittle features. Some cracks existed in 
the bottom of the pit. 

The shock wave or micro-jet generated in the bubble collapse resulted in the plastic deformation 
of materials. The repeated plastic deformation of the material’s surface caused the appearance of 
toughness reduction. Due to the continuous impacting of the shock wave or micro-jet, cracks were 
generated near the cavitation pits. The cracks expanded to defects at the inner part. The cracks 
continued to expand, and as a result, the particles were shed. The cavitation pits gradually expanded 
and connected to pieces. Eventually the whole surface is damaged by cavitation erosion. 

Figure 11 shows the cross-sectional microstructure of the NiTi coating after 30 h cavitation 
erosion. In general, the cavitation erosion damage, first happens in or around the defects [39]. The 

Figure 9. (a) Cumulative mass loss as a function of cavitation erosion time for NiTi coating and NiTi
plate; (b) XRD pattern of (A) as-sprayed NiTi coating and (B) NiTi coating after 30 h cavitation erosion.

Coatings 2018, 8, x FOR PEER REVIEW  10 of 17 

 

 

Figure 9. (a) Cumulative mass loss as a function of cavitation erosion time for NiTi coating and NiTi 
plate; (b) XRD pattern of (A) as-sprayed NiTi coating and (B) NiTi coating after 30 h cavitation erosion. 

 

Figure 10. Surface morphologies of (a) NiTi plate, (b) NiTi coating and (c) magnification of the selected 
area for NiTi coating after 30 h cavitation erosion. 

In Figure 10b, some huge and deep pits exist on the surface of the NiTi coating after 30 h 
cavitation erosion. There are also some intact areas on the surface. The diameter of some pits is more 
than 100 μm. The magnification of selected areas for the NiTi coating after 30 h cavitation erosion is 
shown in Figure 10c. The shape of the fracture shows typical brittle features. Some cracks existed in 
the bottom of the pit. 

The shock wave or micro-jet generated in the bubble collapse resulted in the plastic deformation 
of materials. The repeated plastic deformation of the material’s surface caused the appearance of 
toughness reduction. Due to the continuous impacting of the shock wave or micro-jet, cracks were 
generated near the cavitation pits. The cracks expanded to defects at the inner part. The cracks 
continued to expand, and as a result, the particles were shed. The cavitation pits gradually expanded 
and connected to pieces. Eventually the whole surface is damaged by cavitation erosion. 

Figure 11 shows the cross-sectional microstructure of the NiTi coating after 30 h cavitation 
erosion. In general, the cavitation erosion damage, first happens in or around the defects [39]. The 

Figure 10. Surface morphologies of (a) NiTi plate, (b) NiTi coating and (c) magnification of the selected
area for NiTi coating after 30 h cavitation erosion.

In Figure 10b, some huge and deep pits exist on the surface of the NiTi coating after 30 h cavitation
erosion. There are also some intact areas on the surface. The diameter of some pits is more than 100 µm.
The magnification of selected areas for the NiTi coating after 30 h cavitation erosion is shown in Figure 10c.
The shape of the fracture shows typical brittle features. Some cracks existed in the bottom of the pit.

The shock wave or micro-jet generated in the bubble collapse resulted in the plastic deformation
of materials. The repeated plastic deformation of the material’s surface caused the appearance of
toughness reduction. Due to the continuous impacting of the shock wave or micro-jet, cracks were
generated near the cavitation pits. The cracks expanded to defects at the inner part. The cracks
continued to expand, and as a result, the particles were shed. The cavitation pits gradually expanded
and connected to pieces. Eventually the whole surface is damaged by cavitation erosion.
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Figure 11 shows the cross-sectional microstructure of the NiTi coating after 30 h cavitation
erosion. In general, the cavitation erosion damage, first happens in or around the defects [39].
The failure mechanism of NiTi coating is proposed in Figure 12 based on the results of Figures 10
and 11. The removal of material is considerably slower in defect-free areas than in porous areas.
Some weak points could be removed easily in the initial stage of cavitation erosion. In Figure 11a,
the damaged areas are huge. The depth of some pits is more than 150 µm. At the bottom of the pits,
there is a crack perpendicular to lamellae, as shown in Figure 11b. The formation of this pit should
result from this kind of crack. Some cracks perpendicular to the lamellae had already existed within the
prepared NiTi coating before the cavitation erosion test (Figure 5). The cavitation erosion damage will
inevitably initiate at, or around, such cracks, and then these cracks will propagate and expand during
the cavitation erosion test. The pits become deeper and deeper with the propagating of such cracks.
Furthermore, Figure 11c documents that the two pits advance along a crack. When they encounter the
cracks parallel to lamellae as shown in Figure 5, the two pits will connect with each other. Accordingly,
the NiTi coating will suffer from severe cavitation erosion damage.
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For the NiTi plate, despite the time spent in the cavitation test, there is little mass loss. Only some
particles that are easy to peel off are removed in the initial period [6,13]. It should be emphasized
that the incubation period is quite long. This should be ascribed to the superelasticity of the NiTi
plate. During the cavitation erosion test, the stress induced martensitic transformation will occur in
the austenite phase under external stress. The stress-induced martensite is highly deformable by twin
boundary migration when external stresses are applied, leading to the reorientation of the martensitic
plates [4,13]. Through the two kinds of mechanism, most of the energy generated by the bubble
collapse is absorbed, which reduces the effect of the stress and retards the crack propagation.

In contrast, the prepared NiTi coating is destroyed by cavitation erosion at a faster rate and has
no cavitation incubation period during the whole process of cavitation erosion. There are three main
reasons for this. First, the coating contains large amounts of the oxides and impurities. These brittle
oxides and impurities have poor cavitation erosion resistance. They are peeled off at the initial stage
of cavitation erosion. There are many microcracks in these brittle materials. The external stress can
easily cause stress concentration near the microcracks. When the stress exceeds the critical value,
the cracks expand rapidly, which results in the brittle fracture of materials. The repeated stress from
the shock wave or micro-jet acting on the surface is huge during the cavitation erosion, which causes
the microcracks’ propagation. The oxides and impurities encounter brittle fracture and fall off. Second,
after the surface oxides and impurities are all peeled off, the cavitation damage will develop along the
longitudinal direction through the cracks perpendicular to the lamellae. The oxides and impurities
completely fall off and form the cavitation pits. In the cavitation pits, the cracks propagate along the
interface of particles. This causes the cavitation damage areas to increase, and some new particles
are exposed and the damage repeats by the mechanism referenced above. Third, some pores exist
in the NiTi coating. The cavitation bubbles are expected to nucleate and grow easily around these
pores. The small damage pits are continuously attacked during further cavitation and grow wider and
deeper [14].

In conclusion, the oxides, impurities and pores are the key reason for the severe cavitation erosion
damage of the prepared NiTi coating.

3.3. Jet Impingement Erosion Test

Figure 13a shows the cumulative mass loss of jet impingement erosion for the NiTi coating and
the NiTi plate in tap water with 2 wt % silica sand for 12 h. From the data point of view, the jet
impingement erosion resistance of the coating is slightly better than that of NiTi plate.
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Figure 13b shows the micro-beam XRD pattern of the as-sprayed NiTi coating, and before and
after the 12 h jet impingement erosion. The reason for using the micro-beam XRD pattern with cobalt
as the target is that the eroded surface of the jet impingement erosion is so small that it cannot be
detected by conventional XRD. The Ni and NiTi2/Ni2Ti4O3 are not found in the XRD pattern of NiTi
coating after 12 h jet impingement erosion. The main phase is still austenite B2, and the TiO and Ni4Ti3
are also found in the XRD pattern. The peak intensity of austenite B2 of the as-sprayed NiTi coating
after 12 h jet impingement erosion become weak compared to the original coating. The reason may be
that the partial austenite B2 on the surface of the coating transforms to martensite B19’ and partial B19’
transforms to martensitic variant B19 after 12 h jet impingement erosion. The B19’ or B19 is not found
in the XRD pattern, which is probably due to the small amount of B19’ and B19.

Figure 14 shows the surface morphology of the NiTi plate and the NiTi coating before the jet
impingement test. Figure 15 shows the surface morphology of the NiTi plate and the NiTi coating after
12 h jet impingement erosion. The shape of impingement particles is irregular, which will cause severe
damage. There is no intact place on the surface. It exhibits the typical damage features of ductile material
in the jet impingement erosion. On the surface of the NiTi plate and the NiTi coating after 12 h jet
impingement erosion, there is a small number of ploughed scratches, long furrows and ridges. But there
are many overlaps and irregular concavities on the surface. At the high impinged angle, the material
damage accumulation comes from fatigue, shear localization, microforging and extrusion processes.
Lots of indented concavities and thin platelets come from this combined deformation of microforging
and extrusion. These protruding thin platelets will be partially impinged off by the subsequent impinged
particles. When the material encounters the subsequent impinged particles, many overlapping irregular
concavities and residual protruding thin platelets attach on-to the nearby surface. In fact, these impinged
surface morphologies are consistent with those reported for ductile materials [19,40].
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Like the cavitation erosion test, the stress induced martensitic transformation occurs in the
austenite phase under external stress during the jet impingement erosion test. When external stresses
are applied, the stress-induced martensite transforms to the martensite variant that has the most
favorable orientation through the formation of a martensite twin boundary slip. In the NiTi plate or
NiTi coating, the austenite phase B2 is the main component. The superelasticity of the austenite would
also stabilize the fatigue crack tips and hinder the crack propagation. This mechanism partially relieves
the impact load and accommodates the impact strain elastically. Figure 16 shows the BSE surface
micrographs and cross-sectional microstructure of the NiTi coating after 12 h jet impingement erosion.
Some small pits can be detected. Some of these pits existed before the jet impingement erosion test,
while some were formed due to the solid particle impacting. No apparent falling off the bulk material
can be recognized. During the process of jet impingement erosion, the oxides and impurities are
impacted by the solid particle impacting. Although the impacting will cause mass loss, the existence
of brittle phases is discrete and does not allow pits to connect. The mass loss caused by the oxides and
impurities is small. In addition, the existence of pores in the coating has a certain buffer effect on the
impact of the particles. So, the jet impingement erosion resistance of the NiTi coating is equivalent of
that of the NiTi plate.
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12 h jet impingement erosion.

Compared with the NiTi plate, the NiTi coating presents inferior resistance to cavitation erosion.
In contrast, the NiTi coating shows almost equivalently superior jet impingement erosion resistance.
What results in such differences? The reasons are as follows.

First, during the cavitation erosion process, the velocity of the shock wave or micro-jet caused
by the bubble collapse is very high. It is far greater than the velocity of particles during the jet
impingement erosion process. In addition, the shock wave or micro-jet often impacts the material
surface with high energy and an instantaneous high temperature. Therefore, the material damage
caused by the shock wave or the micro-jet is far greater than that of the impactive particles during the
jet impingement erosion process. During the cavitation erosion process, especially when defects exist
in the coating, the oxides and impurities can easily be broken down by the shock wave or micro-jet to
form a pit. The pits will become cavitation sources. Therefore, they can cause more bubble collapses
near the pits. In addition, the energy carried by the shock wave or the micro-jet can make the existing
cracks propagate and expand. This can cause a large amount of the material to fall off. During the jet
impingement erosion process, the oxides and impurities will also be impacted. The impact strength is
far less than the impact strength of cavitation erosion. The oxides and impurities rarely fall off during
the jet impingement erosion process. The high hardness of these hard and brittle phases can help
improve the resistance to erosion. In the process of jet impingement erosion, there is no phenomenon
of bulk material falling off.
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Second, there are some pores in the NiTi coating. The pores will become a cavitation source.
The pores could cause more bubble collapses near the pores. The bubbles can collapse at the bottom of
the pores. The shock wave or the micro-jet will impact the bottom of the pores and make the pores
bigger and deeper. In the process of jet impingement erosion, the existence of pores in the coating has
a certain buffer effect on the impact of the particles.

All in all, the effects of oxides, impurities, cracks and pores in the coating on the cavitation
erosion are far greater than those on the jet impingement erosion. The NiTi plate has a relatively small
quantity of defects compared with the NiTi coating. So, the NiTi coating presents inferior resistance to
cavitation erosion but almost equivalently superior jet impingement erosion resistance compared with
the NiTi plate.

In future research, it is important to optimize the parameters of APS which are related to the
quantity of the oxides, impurities, cracks and pores in the NiTi coating. In addition, the interaction
between the electrochemical corrosion behavior of the NiTi coating and cavitation erosion and jet
impingement erosion also needs to be studied.

4. Conclusions

The NiTi coating produced by APS from the pre-alloyed NiTi powder is prepared successfully.
The main phase of the NiTi coating is austenite B2. In addition, unmelted powders, parallel cracks,
perpendicular cracks, pores, oxides and impurities have been found in the NiTi coating.

During the cavitation erosion process, the velocity of the shock wave or micro-jet caused is far
greater than that of the particles during the jet impingement erosion process. The energy carried by
the shock wave or the micro-jet can make the existing cracks propagate and expand. During the jet
impingement erosion process, the oxides and impurities rarely fell off.

In addition, there are pores in the NiTi coating. The pores will become a cavitation source during
the cavitation erosion process. In the process of jet impingement erosion, the existence of pores in the
coating has a certain buffer effect on the impact of the particles.

All in all, the effects of defects in the NiTi coating on the cavitation erosion are far greater than
those on the jet impingement erosion. As the result, the NiTi coating presents inferior resistance to
cavitation erosion and nearly equivalently superior jet impingement erosion resistance compared with
the NiTi plate.
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