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Abstract 
Cavitation erosion (CE) is a type of wear that frequently occurs to the 

components operating in a fluid, such as propeller, rudder, impeller, pump, 

and pipeline. Failures caused by CE can result in significant economic 

losses in civil fields and can also pose a risk to national security in other 

sensitive fields, such as nuclear engineering and coastal defence. 

Therefore, research into materials with effective cavitation erosion 

resistance (CER) has become imperative. Over the past two decades, 

WC-based cermet composites have been extensively utilised for resisting 

CE. However, further improvements in CER are still necessary. Many 

studies have focused on enhancing mechanical properties to achieve 

effective CER, but these studies have unintentionally neglected the effect 

of microstructure on CER. 

In this study, cold-sprayed Ni-WC metal matrix composites (MMCs) were 

post-treated by laser surface melting (LSM), resulting in excellent CER 

compared to other common engineering materials such as WC-based 

cermet composites and 316L stainless steel. Scanning electron 

microscopy (SEM) images revealed that the LSM cold-sprayed Ni-WC 

MMCs had a hypoeutectic microstructure, where the eutectic Ni-WC 

network divided the primary Ni grain into many cells. Examination of post-

mortem samples indicated that the eutectic Ni-WC network could restrict 

microcrack growth within the cells, providing a damage-control effect. 

Additionally, the experimental results suggested that mechanical 

properties may not be a reliable predictor of CER. 

The excellent CER of the LSM Ni-WC MMCs warranted further exploration 

and optimisation. The microstructural evolution of the LSM sintered Ni-

WC MMCs was investigated by taking a series of SEM images from the 

same positions after different CE test intervals. The results demonstrated 
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that the eutectic Ni-WC network was effective in constraining CE. 

Numerical simulation results also indicated that the hierarchically layered 

WC lamellae in the eutectic Ni-WC region could mitigate cavitation 

impacts. Hence, the exceptional CER of the LSM Ni-WC MMCs was 

attributed to the altered microstructure. 

To optimise the LSM Ni-WC MMCs and further enhance CER, CeO2 and 

Cr were introduced in this study. The LSM Ni-WC-CeO2 MMCs exhibited 

refined Ni grains and significantly higher microhardness than the LSM Ni-

WC MMCs, and the distribution and morphology of the WC lamellae were 

also altered. However, the addition of CeO2 did not guarantee an increase 

in CER. SEM observations suggested that the microstructure played a 

dominant role in determining CER, and only MMCs with a continuous 

eutectic Ni-WC network and hierarchically interlocked WC lamellae 

exhibited the best CER. Numerical simulation results also indicated that 

the morphology and distribution of the WC lamellae could influence the 

stress and energy in the material when subjected to cavitation impacts. 

For the LSM NiCr-WC MMCs, they exhibited either a hypoeutectic 

structure similar to the LSM Ni-WC MMCs or a fully eutectic structure 

depending on the Cr content. Meanwhile, the addition of Cr significantly 

enhanced the CER. The LSM NiCr-WC MMCs showed 10-h CE that was 

only 10-20% that of the LSM Ni-WC MMCs. SEM observations indicated 

that a lamellar eutectic with finely and densely distributed carbide lamellae 

may be the most optimal microstructure for resisting CE among the ones 

presented in this study. 
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Chapter 1   

Introduction 

 

1.1 Background 

History of cavitation 

Cavitation is a phenomenon known to occur when the local pressure of a 

fluid drops below its vapour pressure, resulting in the generation of vapour 

bubbles, termed cavities or cavitation bubbles. Then, when being 

subjected to higher pressure, these cavitation bubbles collapse and can 

release micro jets and shock waves with intense energy [1, 2]. This 

phenomenon is concerned in various disciplines, such as hydropower 

engineering, marine engineering, pipeline transportation, vehicle 

engineering, and aerospace engineering. Since about 1890, scientists 

and engineers have been struggling with the problems brought by 

cavitation, such as noise, vibration, surface erosion, and efficiency 

reduction of machineries [3]. 

The history of cavitation can be traced back to 1754, when it was the first 

time that the existence of cavitation was considered by the Swiss 

mathematician Leonhard Euler, who came up with a theory of hydraulic 

machines. In his memoir, Euler predicted the formation of a cavitation 

bubble and described it as a óvoidô. In 1847, the Anglo-Irish mathematician 
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George Stokes raised a problem about the instantaneous pressure upon 

the collapse and the duration of the annihilation of a cavity [4], to which a 

solution was published by the English mathematician William Henry 

Besant in 1859 [5]. In 1894, the Irish fluid dynamicist Osborne Reynolds 

investigated the life of vapour bubbles in boiling liquids and in tubular 

constrictions [6, 7]. 

Then in 1895, the term ócavitationô, coined by the British engineer Robert 

Edmund Froude, first appeared in a paper, 2GJH=<GɌ:G9L <=KLJGQ=JK, by the 

English shipbuilder John Isaac Thornycroft and the British naval architect 

Sydney Walker Barnaby [8, 9]. For the first time in history, Thornycroft and 

Barnaby observed cavitation on the back sides of propeller blades, and 

their work [8], in which a significant efficiency reduction of a propeller 

operating at high speed due to cavitation was reported, gave the real 

impetus for the research of cavitation. Since then, the British physicist 

Lord Rayleigh [10], the British engineer Stanley Smith Cook [11], the 

American fluid dynamicist and acoustician Mark Harrison [12], the 

German physicist and acoustician Wernfried G¿th [13], the Soviet 

scientists Mark Iosifovich Kornfeld, L. Suvorov, and Prof. V.F. Minin [14, 

15], the fluid dynamicists Maurice Rattray Jr., Charles F. Naud®, and, 

Albert T. Ellis at the California Institute of Technology [16, 17], and many 

other researchers have made significant progress in the exploration of 
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cavitation. 

 

Cavitation erosion and cavitation-erosion-resistant materials 

Accompanied by the extensive studies of cavitation, cavitation erosion 

(CE), one of the most unpleasant outcomes of cavitation, also gradually 

attracted attention and has been widely researched. Upon the implosion 

of a cavitation bubble, an intense micro jet and shock waves are released. 

When the micro jet and shock waves strike the surface of a material, highly 

localised surface stresses are accumulated. Then, the repeated impacts 

from the collapse of cavitation bubbles to the material can cause plastic 

deformation and ultimately result in the detachment of pieces of material 

by local surface fatigue failure. Such surface wear caused by the collapse 

of cavitation bubbles is known as CE [2], which frequently occurs to the 

components operating with a high-velocity flow, including propeller, 

rudder, impeller, pump, and pipeline [18-23].  

The issues caused by CE draws much attention in recent years due to the 

call of carbon neutrality. As the backbone of low-carbon electricity 

generation, hydropower generated about 17% of the global electricity (in 

2020) [24], and hence stable functioning and service life extension for 

hydro turbines are required. However, CE (together with silt erosion) 

frequently occurs to the blades of hydro turbines, resulting in reduction in 
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efficiency, suspension of operation, and compromise of durability. On the 

other hand, in marine engineering, CE also frequently occurs to the blades 

of propellers and rudders, causing similar issues and extra fuel 

consumption due to the increased drag force by the rough eroded surface 

of the blades. Such extra fuel consumption can significantly affect the 

environment, as the maritime shipping industry consumes a significant 

portion of global transportation energy [25] and emits a considerable 

amount of CO2, NOx, and SOx [26]. 

Therefore, researchers have been searching for effective methods against 

CE since the last century. A proper mechanical design can significantly 

reduce the occurrence of cavitation. However, it is inevitable for many 

components, such as the back sides of impeller blades and the 

geometrically changed sites of pipelines, to be exposed to cavitation [27]. 

Thus, many materials are developed to effectively resist CE in recent 

decades. Martensitic stainless steels [28-31] and nickel aluminium 

bronzes [32, 33] are the most representative materials with good 

cavitation erosion resistance (CER), and they are commonly used for 

manufacturing the components in hydropower and marine engineering. 

Nevertheless, it is still necessary to apply protective coatings when these 

components operate in a complex environment. For example, WC-based 

cermet coatings deposited by high-velocity oxygen-fuel spraying are 
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frequently used to protect the surface of impeller blades in a hydraulic 

turbine from cavitation erosion and silt erosion [34, 35]. 

At present, much effort has been put into the research and development 

of CE-resistant materials, and hundreds of studies report numerous 

materials that have some potential in resisting CE. However, in practice, 

martensitic stainless steels, nickel-aluminium-bronzes, and WC-based 

cermet coatings are still irreplaceable for resisting CE. Furthermore, most 

of the studies suggest that mechanical properties are strongly correlated 

to CER. Therefore, these studies devoted many resources to achieving 

good mechanical properties but somehow neglected the role of 

microstructure in resisting CE. Hence, new perspectives on developing 

CE-resistant materials are required. 

 

1.2 Aims and objectives 

This research project aims to develop novel CE-resistant WC-based 

materials and investigate their microstructural evolution during CE. The 

specific objectives are proposed as follows to address the research gaps: 

1. To prepare several Ni-WC composites post-treated by laser surface 

melting (LSM) at different laser powers, which outperform the existing 

HVOF-sprayed WC-based cermet coating in CER. 

2. To study whether the CE performance of these LSM Ni-WC 
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composites is dominated by mechanical properties or microstructure. 

3. To seek further enhanced CER of the LSM Ni-WC composites by 

adding other alloying elements (such as CeO2 and Cr). 

4. To investigate the microstructural evolution of the LSM Ni-WC 

composites (with and without additives) during the CE test and 

understand the effect of their microstructure on the CE performance, 

in an attempt to develop novel microstructure with effective CER. 

 

1.3 Scope of the thesis 

Chapter 1 has given the general introduction. 

Chapter 2 introduces the general concepts of cavitation and CE and 

extensively reviews the materials with effective cavitation erosion 

resistance. The chapter also summarises the strategies for achieving 

good CER and points out the research gap. 

Chapter 3 presents the materials and demonstrates the experimental 

methods used in this work. 

Chapter 4 presents a study on the LSM cold-sprayed Ni-WC composite 

coatings. The microstructure of the coatings was characterised, and the 

mechanical properties were measured. Then, the CER of the coatings 

was evaluated, followed by the examination on the eroded specimens 

subjected to 10-h CE. 
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Chapter 5 presents a study on the LSM sintered Ni-WC composites. The 

microstructure of the composites was characterised, and the 

microhardness was measured. Then, the CER of the composites was 

evaluated. Next, the specimens at different intervals of CE test (at the 0th, 

2nd, 5th, and 7th h) at the same site were examined, investigating the 

behaviours of the featured microstructure and various defects in response 

to cavitation impacts. Finally, numerical simulation was conducted to 

investigate the stress and energy of the featured microstructure subjected 

to a cavitation impact. 

Chapter 6 investigates the effect of CeO2 addition on the LSM sintered 

Ni-WC composites. The microstructure of the composites was 

characterised, and the microhardness was measured. Then, the CER of 

the composites was evaluated. Next, the specimens at different intervals 

of CE test (at the 0th, 2nd, 5th, and 7th h) at the same site were examined, 

investigating the behaviours of different microstructures in response to 

cavitation impacts. Finally, numerical simulation was conducted to 

investigate the stress and energy of the microstructures with different 

carbide lamellae subjected to a cavitation impact. 

Chapter 7 investigates the effect of Cr addition on the LSM sintered Ni-

WC composites. The microstructure of the composites was characterised, 

followed by the evaluation of the CER. Then, the examination on the 
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specimens at different intervals of CE test (at the 0th, 2nd, 5th, and 7th h) at 

the same site demonstrated the behaviours of different microstructures in 

response to cavitation impacts. 

Chapter 8 provides the overall conclusions of the thesis. 

Chapter 9 provides some recommendations for future work. 
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Chapter 2   

Literature review 

 

2.1 Introduction 

This chapter reviews the literature that is highly relevant to this thesis. 

Firstly, the basics of cavitation and cavitation erosion (CE) are briefly 

introduced. Next, the test methods for evaluating the CE performance are 

demonstrated. Subsequently, various alloys and coatings with effective 

cavitation erosion resistance (CER) are extensively reviewed. Finally, the 

strategies for achieving good CER are summarised, and the research 

gaps to be addressed are identified at the end of this chapter. 

 

2.2 Cavitation and cavitation erosion 

2.2.1 Cavitation 

As cavitation commonly occurs in fluid, a basic knowledge of fluid 

dynamics is necessary to understand cavitation. The incompressible flow 

equation from Bernoulli's principle in Eq. 2.1 demonstrates the 

relationship among flow velocity (ὺ), the local fluid pressure (ὴ), and the 

depth of the flow to the liquid level (Ὤ), where ” is the density of the fluid 

and Ὣ is the local gravitational acceleration [3]. 

ὴ
ρ

ς
”ὺ ”ὫὬ ὅέὲίὸὥὲὸ Eq. 2.1 
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Assuming the depth of a submerged component exposed to the fluid is 

not changed, the term of the hydraulic head (”ὫὬ) is constant. Hence, Eq. 

2.1 can be simplified as Eq. 2.2. 

ὴ
ρ

ς
”ὺ ὅέὲίὸὥὲὸ Eq. 2.2 

When a component operates in fluid, such as a propeller spinning in water, 

the velocity (ὺ) of the water flow near the surface of the propeller blades 

is relatively high. Therefore, according to Eq. 2.2, the local pressure (ὴ) of 

the water flow near the blade surface should be relatively low. 

 

Fig. 2.1 ï Schematic phase diagram of water.  

Then, as the phase diagram of water (Fig. 2.1) shows, water can 

evaporate when the pressure isothermally drops below the vapour 

pressure curve. This process is very similar to boiling but results from a 
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decrease in pressure, while boiling is caused by temperature rising (Fig. 

2.1). This phenomenon of the formation of the vapour-filled bubbles due 

to the local pressure drop is termed ócavitationô, and these bubbles are 

named as ócavitiesô or ócavitation bubblesô [3]. A typical example of 

cavitation is a trail of cavitation bubbles left behind a spinning propeller, 

as shown in Fig. 2.2. 

 
Fig. 2.2 ï A trail of cavities behind a spinning propeller [36]. 

The lifetime of a cavitation bubble is schematically demonstrated in Fig. 

2.3. Meanwhile, a plot presenting the flow velocity at different distances to 

the blade surface is shown in Fig. 2.4, which helps the understanding of 

the behaviour of a cavitation bubble. As mentioned in Eq. 2.2, the high 

Fig. 2.3 ï Schematic of  the lifetime of a cavitation bubble.  
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velocity of the fluid near the blade surface results in the local pressure 

(ὴ ) of the fluid dropping below the vapour pressure (ὴ ), which 

leads to the formation (near the blade surface) and the growth of cavitation 

bubbles (Fig. 2.3a-b). While the cavitation bubble is growing, it is also 

moving away from the blade surface. As shown in Fig. 2.4, the flow away 

from the blade surface has a significantly lower velocity than the flow near 

the blade surface. Then, according to Eq. 2.2 (the change in Ὤ is 

sufficiently small in Eq. 2.1, and thus the ”ὫὬ term is still a constant), the 

local pressure increases as the flow velocity decreases. Hence, the 

cavitation bubble is transported from the area with low local pressure to 

the area with high local pressure. When the cavitation bubble moves to 

the area where the local pressure equals the vapour pressure, it stops 

growing and reaches its maximum size (Fig. 2.3c). When the cavitation 

bubble moves further away from the blade surface, the local pressure 

Fig. 2.4 ï The relationship of the flow velocity and the distance to the 
blade surface of a spinning propeller.  
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exceeds the vapour pressure, and the weakest site is pressed (Fig. 2.3d). 

Before the collapse, the cavitation bubble is pierced by a free surface-

induced micro jet. Finally, the cavitation bubble becomes a torus and 

disintegrates (Fig. 2.3e). Meanwhile, shock waves and a high-velocity 

micro jet with intense energy are discharged upon the collapse [22, 37]. 

In addition, according to the generation pathways, cavitation can be sorted 

into hydrodynamic cavitation, acoustic cavitation, optical cavitation, 

particle cavitation, and steam bubbles cavitation. In hydrodynamic 

cavitation (such as the cavitation in a spinning propeller mentioned before) 

and acoustic cavitation, the fluctuation of the fluid velocity and pressure 

cause a decrease in the local pressure that results in the formation of 

cavitation bubbles [2, 38]. The difference is that hydrodynamic cavitation 

results from the motion of the component or fluid, while the vibration of a 

sonotrode induces acoustic cavitation. Optical cavitation and particle 

cavitation occur when a liquid is exposed to an intense energy deposition. 

In optical cavitation, bubbles are formed due to the breakdown of the liquid 

by highly intensive irradiation of photons. In particle cavitation, the 

breakdown of the liquid is accomplished by protons, neutrinos, and other 

types of particles [39]. Steam bubbles cavitation is caused by the direct 

injection of steam into a sub-cooled liquid providing collapse conditions, 

which is similar to hydrodynamic cavitation and acoustic cavitation [40]. 
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2.2.2 Cavitation erosion 

As mentioned previously, the micro jet and shock waves are released 

upon the implosion of a cavitation bubble. The velocity of the micro jet can 

reach 100-500 m/s (hydrodynamic cavitation [41, 42]) and may be up to 

700-1300 m/s (acoustic cavitation [43, 44]), while the velocity of the shock 

waves can be up to 4000 m/s (acoustic cavitation [45]). Furthermore, the 

temperature of cavitation can achieve several thousands of K (5075 Ñ 156 

K for acoustic cavitation by ultrasonic irradiation of silicone oil [46]). Thus, 

the micro jets and shock waves with such intense kinetic and thermal 

energies can cause damage when impacting on materials, and the 

damage caused by the implosion of cavitation bubbles in the vicinity of a 

solid surface is known as cavitation erosion (CE) [2]. 

Despite the debate about whether CE results from microjets or shock 

waves or both for many years [2], there is no doubt that the impact load 

by the collapse of cavitation bubbles is significant, which can range from 

several MPa to GPa [41, 47, 48]. The intense impact load by the implosion 

of a cavitation bubble near a solid surface can cause highly localised and 

transient stresses on the surface. Then, the repeated collapses apply the 

repeated impact loads to the surface, resulting in local surface fatigue and 

subsequently the erosion of material [2]. As shown in Fig. 2.5, severe CE 

occurred on various components operating with a high-velocity fluid. 



Literature review 

15 

 
Fig. 2.5 ï Cavitation erosion on different components. a, The blades 
of a mixed flow pump impeller [2]; b, The blades at the discharge of a 
Francis turbine [49]; c, The blades of the propeller of a personal watercraft 
[50]; d, The blades of the propeller of a vessel [51]. 

Hydrodynamic cavitation can be sorted into five major types based on the 

operating conditions and fluid properties (Fig. 2.6). Meanwhile, these 

types of cavitation can be further categorised according to the parts of the 

propeller or impeller being exposed to the cavitation (Fig. 2.7). Here briefly 

introduces the sheet cavitation and the cloud cavitation that are usually 

inevitable and can cause severe erosion. Sheet cavitation (Fig. 2.6a) is a 

cluster of cavities staying approximately at a fixed region relative to the 

component, and thus sheet cavitation is also known as attached or fixed 

cavitation [2]. For a propeller, sheet cavitation usually occurs on the back 

side of the blade (Fig. 2.7 and Fig. 2.8) due to the significant suction 

pressures around the leading edge of the blade. 
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Fig. 2.6 ï Major types of hydrodynamic cavitation [52]. 

 

 
Fig. 2.7 ï Various types of cavitation occurring on a propeller [53]. 
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Fig. 2.8 ï Photos of cavitation on a propeller [54]. The change in the 
region covered by sheet cavitation can be observed from the 2nd and 3rd 
blades as the propeller is spinning (óSô labels the sheet cavitation). It can 
be noticed that the extension of the sheet cavitation only occurs at the top 
blade because the local pressure near the liquid level is lower than the 
pressure at the deep. Cloud (labelled as óCô) and vortex (the spiral trails of 
bubbles) cavitation is also observed. 

The CE can be trivial if the sheet cavitation remains stable. However, 

sheet cavitation can always be interfered periodically by the re-entrant 

turbulent flow at its end, resulting in vortex shedding and causing cloud 

cavitation (Fig. 2.8 and Fig. 2.9) [2, 3]. Separated by the re-entrant flow, 

cloud cavitation can occur at some distance to the blade edge (Fig. 2.8 

and Fig. 2.9). As cloud cavitation is extremely aggressive due to the 

implosion of huge numbers of cavitation bubbles, severe erosion can 

happen. As shown in Fig. 2.5, massive erosion is commonly found at the 

back side of the blade. Meanwhile, the erosion near the edge is more 

significant than the erosion at the edge (Fig. 2.5b-d), and sometimes 
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erosion can only happen to the inner region of the blade (Fig. 2.5a), which 

is in accordance with the region that the cloud cavitation occurs. 

 

Fig. 2.9 ï Photos and schematics of sheet and cloud cavitation on a 
hydrofoil. a-f, Photos showing sheet cavitation interfered by turbulent 
flows [55]: a, Sheet cavitation on the front part of the hydrofoil (region A-
I); b, Sheet cavitation (A-B) and sheet cavitation interfered by turbulent 
flows forming cloud cavitation (C-I); c, Cloud cavitation (D-I) staring to 
detach (B-C) from sheet cavitation (A); d, Detachment of cloud cavitation 
(E-I) and restoring of sheet cavitation (A-D); e, Travelling of cloud 
cavitation (H-M) and further restoring of sheet cavitation (A-F); f, Fully 
restored sheet cavitation (A-I) and annihilation of cloud cavitation as it 
travelling to high pressure fluid(K-R). g-h, Schematics demonstrating the 
detachment of sheet cavitation due to turbulent flows and the formation of 
cloud cavitation [56]. 

The other types of cavitation shown in Fig. 2.6 and Fig. 2.7 usually do not 

cause severe erosion to the component, and the details can be found in 

these studies [2, 3, 53, 57]. Meanwhile, more incisive analysis about the 

erosion caused by the sheet and the cloud cavitation are reported in the 

literature by Bark et al. and Pelz et al. [58, 59]. 

Although this work only focuses on CE, it is worth mentioning that 

cavitation can exhibit synergistic effects with other types of wear. For 
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example, the coalesced effect of CE and silt (or sediment/slurry) erosion 

can significantly damage the materials [18, 21, 60, 61], as CE can 

compromise the integrity of the material structure and accelerate silt 

erosion, and vice versa. On the other hand, since cavitation can enhance 

chemical processes, the corrosion progress of the component operating 

in a corrosive liquid can be accelerated by cavitation, which in turn further 

aggravates CE. Therefore, the synergistic effect of cavitation erosion-

corrosion is also extensively concerned [62-70]. 

 

2.3 Evaluating cavitation erosion performance 

2.3.1 Standard test method for cavitation erosion using vibratory 

apparatus 

ASTM G32 [71], G73 [72], and G134 [73] are the three standard test 

methods for evaluating the CE of materials. The most popular one is 

ASTM G32 due to the low cost and the simplicity of the test apparatus. 

The device is just a simplified version of an ultrasonic homogeniser that 

can generate acoustic cavitation (Fig. 2.10). Some important test 

parameters are given in Fig. 2.11. In this method, cavitation bubbles are 

induced by the high-frequency vibration of the horn (sonotrode) tip in the 

test medium, and the implosion of the bubbles near the specimen surface 

causes erosion. 
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Fig. 2.10 ï Schematic of ultrasonic vibratory cavitation erosion 
apparatus [71]. 

 

 
Fig. 2.11 ï Important parameters for ASTM G32 [71]. 
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It is worth noticing that the temperature control of the test medium is very 

important. As Fig. 2.1 shows, the pressure drop required to form a 

cavitation bubble is highly correlated to the liquid temperature. Thus, 

failure to maintain a specified temperature can cause huge fluctuations 

[71, 74, 75]. For a specimen tested in distilled water, an increase of 1 ÁC 

(from the standard temperature of 25 ÁC to about 50 ÁC) may increase the 

CE rate by 1~2 % [71, 74, 76]. It is also worth mentioning that the CE rate 

reaches a maximum when the temperature of the test medium is about 

halfway between freezing and boiling point, and hence it may be economic 

incentive to perform the water test at 40~50 ÁC for materials that are 

exceptionally resistant to CE [71, 74, 77]. However, introducing a heating 

device to the testing apparatus can bring about more complexities to the 

test system, and thus the most frequent choices are just extending the test 

duration and using the specimens with a large radius (the recommended 

maximum radius is 20 mm [71]). 

According to the position of the specimen, the test approaches of ASTM 

G32 can be sorted into direct cavitation and indirect cavitation (Fig. 2.12). 

The standard test method in ASTM G32 utilises the direct cavitation 

approach (Fig. 2.12a), as per which the specimen is tightly fastened to 

the horn via screw threads (Fig. 2.11). Thus, in the direct approach, 

cavitation is actually induced by the vibration of the specimen. A modified 
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version of ASTM G32 using the alternative indirect cavitation approach 

(also known as the óstationary specimenô approach) is also acceptable 

(Fig. 2.12b). In this approach, the specimen is placed on or fastened to a 

holder and submerged in the testing medium. Meanwhile, the space 

between the horn tip and the surface of the specimen is in close proximity 

to ensure that the cavitation bubbles induced by the vibration of the horn 

can effectively act on the surface of the specimen. 

 

Fig. 2.12 ï Schematic of direct and indirect vibratory cavitation 
erosion tests.  

Literature shows that both approaches have advantages and limitations, 

summarised in Table 2.1. The erosion rate of the materials subjected to 

the direction cavitation is much higher than the indirection cavitation [78, 

79]. The high erosion intensity by the direct approach not only shorten the 

test duration but also allow the evaluation of the materials with extremely 

high erosion resistance. For the indirect cavitation approach, it can take 

much time to reveal the CER of a material, and sometimes hundreds of 

hours may be required to evaluate the materials with extremely high CER. 
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Moreover, the horn tip has to be occasionally restored (usually by grinding 

or turning) after operating for dozens of hours, as cavitation can also 

damage the horn tip if the indirect approach is used. In addition, the 

resonance frequency of the horn will ultimately be out of the required 

frequency domain due to the shortened length, and the sonotrode needs 

to be replaced. For the direct cavitation approach, the horn is not exposed 

to cavitation, and thus the horn does not need maintenance very often 

unless fatigue failures happen to the thread. 

Table 2.1 ï Comparison of the direct and the indirect cavitation 

approaches . Summarised from the literature [71, 78] and the experience 

of the author. 

Items Direct approach Indirect approach 

Time taken Short (due to high erosion intensity) 
Long (due to low erosion 

intensity) 

Maintenance 

frequency of 

horn 

Low (but the horn is still at the risk of 

failure as the thread hole in the horn 

is subjected to fatigue by vibration) 

High (the surface of the horn 

tip has to be periodically 

restored due to CE) 

Usability in 

different 

materials 

Poor (as the frequency has to be 

adjusted when testing materials with 

different dimensions and densities) 

Good (as no adjustment 

needed except the horn-

specimen space) 

Main causes 

of errors 

Frequency change due to inconsistent 

fastening torque 

Wear at the specimen thread during 

fastening 

Adjusting the space 

between the horn tip and the 

specimen 

Brittle 

materials 

Not applicable (due to the difficulty in 

machining threads) 
Applicable 

Elastomeric/ 

Compliant 

materials 

Not applicable (as the compliance of 

the material can reduce the severity of 

vibration-induced cavitation) 

Applicable 

Coatings 
Not applicable (as the oscillations can 

cause the detachment of the overlays) 
Applicable 
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Despite having a good efficiency of testing and a low frequency of 

maintenance, the direct approach is not very often used in practice for the 

screening test on a large variety of materials due to its two greatest 

drawbacks. Firstly, as the specimen is fastened to the horn, the specimen 

and the horn are considered as a single sonotrode. This means that the 

resonance frequency of the sonotrode can vary if the specimens with 

different dimensions and densities are fastened to the horn, and thus the 

resonance frequency can be out of the required frequency domain for the 

test. As most of the commercial vibratory devices are designed to operate 

at a specific resonance frequency, evaluating the specimens with large 

differences in dimensions and densities requires a series of customised 

horns. In addition, the fastening torque of the specimen can also affect the 

frequency, which brings about extra errors. Meanwhile, even for a device 

whose output parameters of the transducer are adjustable, it is very 

challenging to configure the frequency and the amplitude to be within the 

required domains simultaneously. Hence, using the direct approach to 

evaluate many different specimens can be extremely inconvenient and 

costly. 

Secondly, the direct approach only applies to a certain range of materials, 

except for brittle materials, elastomeric/compliant materials, and coatings 

[71, 78]. Brittle materials are difficult to be machined into threaded 
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specimens and thus cannot be fastened to the horn. Elastomers can 

reduce the severity of the vibration-induced cavitation due to their 

compliance. Hence, the cavitation intensity acts on elastomers is lower 

than that on the other materials even if the test parameters are the same, 

and thus the direct method cannot reveal the real CER of elastomers. For 

the coatings, especially the sprayed coatings, it is difficult to tell whether 

the material loss is due to the vibration-induced detachment of the splats 

or cavitation impacts. Despite the drawbacks, the direct approach is very 

suitable if the specimens are the same and the long-time continuous 

exposure to cavitation impacts is required to be evaluated. 

Considering the limitations of the direct approach, many studies on the 

development and evaluation of CE-resistant materials used the indirection 

approach. As the specimen to be evaluated by the indirect approach does 

not need a machined thread, brittle materials can be tested via this 

approach. Meanwhile, since the cavitation is not induced by the vibration 

of the specimen, compliant materials and coatings are also applicable. 

Furthermore, identical sonotrodes can be used for different materials 

since the properties of the material do not influence the frequency of the 

sonotrode. The main problems with the indirect approach are brought by 

the separation distance between the horn tip and the specimen surface. 

Firstly, researchers have not reached a consensus about the most-
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optimised distance for the indirect approach [71]. Although the approach 

is frequently used, comparing the results from different literature is 

discouraged as different separation distances (usually 0.5~2 mm) are 

chosen. This problem is partially solved by introducing reference 

specimens, which at least allows the comparison of the studies that use 

the same reference material. Secondly, it is difficult to adjust the 

separation distance between the horn tip and the specimen surface 

accurately, and thus the cavitation intensity can vary for each test, causing 

random errors. To address the problem, an add-on for precisely controlling 

the distance can be installed on the apparatus. In addition, a large 

separation distance can narrow the errors, but the test duration has to be 

extended due to the reduced cavitation intensity.  

 

2.3.2 Mean depth of erosion and stages of cavitation erosion 

After the material has been subjected to a CE test for some time, it can 

be weighed to find the mass loss caused by CE. However, it is 

inappropriate to compare the mass losses of different materials. For 

example, it is not a good practice to compare the CER of a polymer 

coating and a cermet coating based on the mass losses. Hence, the mass 

loss is usually converted into the mean depth of erosion (MDE) to allow 

the comparison among different materials [71], as demonstrated in Eq. 
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2.3, where the ὠ  , ὃ , ά  , and ”  are the volume loss of the 

specimen, mass loss of the specimen, area of the specimen exposed to 

cavitation, and density of the specimen, respectively. Meanwhile, the 

erosion rate in terms of MDE (MDER) can be found by the quotient of the 

change in MDE and the duration of the corresponding test interval (Eq. 

2.4). 

 ὓὈὉ
ὠ

ὃ

ά

”Ͻὃ
 Eq. 2.3 

 ὓὈὉὙ
ЎὓὈὉ

Ўὸ
 Eq. 2.4 

In practice, specimens should be polished before the test. The specimen 

is weighed after each test interval, and multiple test intervals are 

necessary to acquire the two curves of the cumulative erosion and the 

erosion rate versus the exposure time to cavitation. These two curves 

provide the most important quantitative results for evaluating the CER of 

a material. As presented in the schematic plots from Fig. 2.13a, the most 

preliminary result from a CE test is the cumulative erosion-time curve. 

Since mass losses are not meaningful when comparing materials with 

different densities, the quantity of the vertical axis should be MDE. As the 

plot of the cumulative erosion-time curves only allows the direct 

comparison of the losses of different materials subjected to CE, an 

engineering-meaningful approach to evaluate the CER of different 

materials is to compare the exposure times of reaching the same MDE. 
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For example, the time to 10 ɛm. On the other hand, a more frequently 

used approach in the laboratory is to compare the MDE after a set 

exposure time. For example, an exposure of 10 to 20 h is usually sufficient 

enough for the ASTM G32 method. 

 
Fig. 2.13 ï Plots of the cumulative erosion -time curve and the erosion 
rate-time curve [71]. 

However, the information provided by the cumulative erosion-time curve 

is very limited, and thus it is not easy to extract or extrapolate further 

outcomes. Hence, the erosion rate-time curve is used to analyse the CE 

behaviour further. As the schematic plot shown in Fig. 2.13b, the progress 
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of CE can be divided into various stages according to the pattern of the 

erosion rate-time curve. 

The initial stage of CE is known as the incubation stage. At this stage, the 

compressive residual stress are accumulating on the material surface 

exposed to cavitation [71]. Meanwhile, dislocation, local displacement of 

the material, plastic deformation (i.e., cavitation pits), and the 

development of microcracks can also happen. Materials can exhibit a 

temporary hardness increase by the work-hardening effect due to the 

repeated impacts of cavitation, and some can also exhibit stress-induced 

phase transformation at this stage [80]. Therefore, researchers can take 

advantage of the accumulation of the residual stress (i.e., cavitation 

peening) to improve the fatigue strength of materials [81-84]. In addition, 

if the original surface is well-polished, small pits can be observed via 

profilometry [85-88], interferometry [89, 90], or scanning electron 

microscopy [47, 80, 90, 91], which can help the studies on the cavitation 

pitting progress [85-87, 89-92] and the cavitation impact load [47, 88, 92]. 

Since material removal barely occurs at this stage, the material loss is 

zero or negligible. Hence, the boundary between the incubation stage and 

the followed acceleration stage is not clear, resulting in the difficulty in the 

estimation of the incubation time. One approach is to take the total 

exposure time when the erosion rate reaches a threshold, but the 
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threshold value is not standardised. The other approach is to take the 

intersection of the maximum rate tangent and the horizontal axis in the 

cumulative erosion-time plot as the ónominal incubation timeô (Fig. 2.13a), 

but there could be some material losses at this time already. Thus, the 

length of the incubation time is still undefined [71]. Nevertheless, although 

the estimation of the incubation time can be important for the studies on 

the early stage of CE, it is not a crucial criterion for screening the CE-

resistant materials from the perspective of engineering application, as the 

long-term durability is far more critical when the materials are put into use. 

When the material near the surface reaches its plastic limit, further 

exposure to cavitation impacts cannot harden it anymore and can cause 

fracture and erosion to the surface. This stage is named as the 

acceleration stage since the erosion rate is gradually increasing. The 

increased erosion rate may be attributed to the removal of the material at 

the surface which is previously work-hardened by the cavitation impacts, 

leaving the untreated material below directly subjected to cavitation. 

Meanwhile, the flow condition on a rough surface is different from that on 

a polished surface, and thus the similar work-hardening effect by 

cavitation is absent. Eventually, the erosion rate will reach its maximum. 

Then, it can exit from the maximum instantaneously or maintain the 

maximum for some time depending on the properties of the material, and 
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this stage is known as the maximum rate stage [71].  

After reaching the maximum rate stage, the material can progress to the 

deceleration stage, in which the erosion decreases. During this stage, the 

surface properties are rebalanced because of the cavitation impacts on 

the newly exposed surface [93]. For example, the cavity dynamics can be 

affected by the surface roughness, and the cavitation pressure waves can 

be damped by the entrapped gas and liquid in the craters previously 

formed by cavitation impacts [93]. Once the equilibrium is achieved when 

the surface properties of the material have been sufficiently altered to 

restrict the change of the flow dynamics near the surface, the erosion rate 

becomes stable, and this stage is known as the terminal stage. 

For the evaluation of CER, the steady-state erosion rate should be used. 

According to Fig. 2.13, it is the erosion rate at the terminal stage. 

Nevertheless, it can take an extremely long time for some materials to 

reach the terminal stage, which is impractical. Thus, the maximum erosion 

rate is also acceptable since the erosion rate can also be stable at this 

stage for some time. Meanwhile, the separation of the stages shown in 

Fig. 2.13 highly depends on the material properties, and many materials 

may not exhibit all the stages. For example, the erosion rate-time curve of 

some materials may not have the deceleration stage and becomes stable 

at the maximum rate stage for a considerable duration. On the other hand, 
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the erosion rate may never be stable for other materials, such as 

elastomeric coatings [93]. Hence, extra caution about which erosion rates 

should be taken when different materials are evaluated. In addition, it is 

worth mentioning that the pattern of the curves (Fig. 2.13) for the same 

material tested by different methods can be very different. For example, 

the terminal erosion rate of some materials tested by cavitating jet follows 

a non-linear function of the erosion time. 

 

2.4 Cavitation-erosion-resistant alloys 

In the early twentieth century, the components of the machinery operating 

in fluids, such as propellers, rudders, impellers, and pipes, were made 

from copper alloys or cast irons. Then in the 1950s, stainless steels (SSs) 

gradually took their place for the application in non-corrosive 

environments and were found in a wide variety of hydraulic components, 

ranging from pipe and valve components to high-speed pump impellers. 

Martensitic stainless steel (MSS) 13Cr4Ni is a typical one that has good 

resistance to CE and has broad application areas in hydro turbines, 

pumps, and compressors. In corrosive environments, more specialised 

copper alloys such as aluminium-bronze and nickel-aluminium-bronze 

(NAB) are widely used. Meanwhile, as CER is generally correlated to the 

mechanical properties of the materials, such as hardness, elastic 
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modulus, ultimate tensile strength, ultimate resilience, and fatigue 

strength [94-97], other alloys with good mechanical properties are also of 

great potential for resisting CE. This section mainly reviews the CE 

performance and the failure mechanisms of some SSs and NABs. In 

addition, some other alloys with good CER are also briefly introduced. 

 

2.4.1 Stainless steels 

Martensitic stainless steels (MSSs) 

MSSs exhibit a distorted body-centred cubic (BCC) crystal structure 

(martensite) and they can be hardened and tempered via various ways of 

heat treatment [98]. MSSs are widely applied for manufacturing the 

components of hydro turbines, and one of the most popular choices 

among the MSSs is 13Cr4Ni (Fig. 2.14), also known as the CA6NM hydro 

turbine steel.  

 

Fig. 2.14 ï Microstructure and cavitation erosion of 13Cr4Ni stainless 
steel. a, The etched surface showing martensitic matrix (black laths) and 
ŭ-ferrite (white particles) [99]; b, The surface after 8 h of cavitation [100]. 
Only very minor erosion was found on the eroded surface, suggesting the 
good CER of 13Cr4Ni MSS. In addition, the erosion was less likely to 
occur in the martensite laths. 
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MSS 13Cr4Ni exhibits outstanding weldability, fracture toughness, 

corrosion resistance, and CER [28, 29]. Hence, MSS 13Cr4Ni is 

extensively applied for the hydro turbine components exposed to high-

velocity flows, such as guide vanes, runners, and rotary labyrinths [29, 

30]. Meanwhile, 13Cr4Ni MSS also has good workability even in a large 

scale [28], and its mechanical properties can be easily improved via 

simple heat treatment [101, 102], which further expands its application. 

Apart from 13Cr4Ni MSS, other MSSs such as 13Cr0.5Ni, 13Cr1Ni, 

13Cr5Ni, 16Cr5Ni, and 18Cr8Ni, are also commonly applied in hydraulic 

engineering [28-31]. In addition, some researchers suggest that the good 

CER of MSSs can be partially attributed to the low stacking-fault energy 

(SFE) [30, 103]. 

 

Austenitic stainless steels (ASSs) 

ASSs have a primary crystalline structure of face-centred cubic (FCC) 

austenite at room temperature, which is attained by the liberal addition of 

N, Mn, Ni, and other austenitising elements [98]. ASSs 304 (ASTM 

S30400) and 316L (similar to ASTM S31603) are commonly used as the 

references for evaluating the CER of other materials, and their erosion 

rates are close to MSS 410 (ASTM S41000, also commonly applied for 

hydrodynamic engineering) [104]. Meanwhile, 304 ASS can undergo 
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stress-induced phase transformation from austenite to martensite during 

CE (Fig. 2.15e), which results in a portion of the cavitation impact energy 

being consumed by phase transformation instead of by plastic 

deformation [80, 103, 105-107], while ASS 316L cannot [80, 103, 108]. In 

addition, the formation of the hard martensite can also inhibit crack 

generation and propagation [109, 110]. Therefore, ASS 304 has better 

CER than 316L ASS. However, it is worth mentioning that some studies 

suggest that the pitting potential and the stability of passive films are 

negatively correlated to the martensite content [111, 112], indicating the 

corrosion resistance and CER of ASS 304 can be compromised when 

ASS 304 is exposed to CE in corrosive media. 

 

Fig. 2.15 ï SEM images  and XRD patterns of 304 and 316L austenitic 
stainless steels aft er cavitation erosion [80, 103]. a&c , SEM images at 
the edge of the eroded region; b, Eroded surface of 304 stainless steel 
showing the erosion at a protruding slip or twin boundary; d, Eroded 
surface of 316L ASS showing ductile rupture; e, XRD patterns of the ASSs 
before and after cavitation erosion for 5-45 min showing the 304 ASS 
exhibited martensitic transformation but 316L ASS did not. 
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Duplex stainless steels (DSSs) 

DSSs are a family of SSs which consist of FCC austenite and BCC ferrite 

in approximately equal proportions (Fig. 2.16a) [98]. Generally, apart from 

Fe, the composition of the DSS includes 18ï28% Cr, 1-9% Ni, Mo up to 

5%, 0.05ï0.50% N, and up to 0.05% C (in wt.%), and some may also 

contain Si, P, S, Mn, Co, Cu, and W [98, 113]. Since DSSs possess a low 

Ni content but good mechanical properties, specific strength, and 

corrosion resistance, researchers have been studying whether DSSs can 

be cost-effective substitutes for MSSs and ASSs in hydrodynamic 

engineering. 

 
Fig. 2.16 ï Microstructure and cavitation erosion behaviour of duplex 
stainless steel [114]. a, Light micrograph showing ferrite and austenite; 
b, Initial exposure to cavitation impacts (a few min) causing pits and cross 
slips in the austenite phase; c, Initial exposure to cavitation impacts 
causing a pit in the austenite at the phase boundary; d-e, Preferential 
damage in the austenite at the early stage of cavitation erosion; f, 
Detachment of ferrite after further exposure to cavitation impacts. 

According to the literature, DSS CrMnN and super DSSs present 

promising outcomes. DSS CrMnN has better CER than the MSS 13Cr5Ni 

due to the high work-hardening ability of DSS CrMnN, and the Ni content 
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in CrMnN DSSs is extremely low, which considerably reduces the cost 

[115, 116]. Super DSSs such as ASTM S32750 and S32760 exhibit 

outstanding resistance to pitting corrosion and stress corrosion cracking 

[76, 117], and they have similar CER as ASS 304 and MSS 410 [104, 118, 

119]. Meanwhile, super DSSs also show excellent resistance to cavitation 

erosion-corrosion [76], and thus they are potentially preferable in 

corrosive environments. 

The material losses of the DSSs subjected to cavitation preferentially 

initiate at the austenite-ferrite phase boundaries (Fig. 2.16c-e), and the 

failure is mainly attributed to the brittle fracture of the hard ferrite (Fig. 

2.16f) [114-116, 118-120]. Therefore, it is generally acknowledged that the 

CER of the DSSs is negatively correlated to increasing the ferrite content. 

On the other hand, since a certain ferrite content is beneficial to prevent 

thermal cracks for welding, DSSs can be promising welding materials for 

fluid machinery, but extra heat treatment is necessary to reduce the 

exceeded ferrite content [121, 122]. 

 

2.4.2 Nickel-aluminium-bronzes 

Copper and copper alloys are known for good corrosion resistance, 

workability, thermal and electrical conductivity, and antimicrobial effect, 

which are beneficial to a vast range of industries. Among various copper 
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alloys, aluminium-bronze provides a combination of great mechanical 

properties and corrosion resistance and have found applications in 

marine, offshore, and shipboard components for many decades [32, 33]. 

Then, the development of the aluminium-bronze was catalysed by World 

War II, and nickel-aluminium-bronze (NAB), as a more developed series 

of aluminium-bronzes which outperform many SSs, brasses, and bronzes, 

gradually taken the portion of aluminium-bronze. For now, NABs are the 

most extensively used copper alloys in these fields [123]. 

NABs are composed of Cu, 6-13% Al, up to 7% each of Fe and Ni (in 

wt.%) and some minor alloying elements such as Si and Mn [124]. These 

alloying elements have different influences on the properties of NABs 

[123]. Al can improve strength and hardness but at the cost of reduced 

ductility. Ni further enhances the corrosion resistance and mechanical 

strength, improving the CER in high-velocity flows. The content of Fe is 

usually lower than Ni, and Fe can provide a refined microstructure and 

good toughness.  

 
Fig. 2.17 ï SEM image and schematic of nickel -aluminium -bronze 
[123, 125]. 
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As shown in Fig. 2.17, the phase composition of NAB includes FCC 

copper-rich Ŭ phase, martensitic BCC copper-rich ɓ phase, and 

intermetallic ə phases of various morphologies [125-129]. ɓ phase 

appears at high temperature and has relatively high hardness. Similar to 

quench-hardening steels, NAB can undergo a martensitic phase 

transformation via rapid cooling, resulting in high strength and hardness 

but low ductility. Therefore, heat treatment can be employed to transform 

ɓ phase to Ŭ/ə eutectoid to improve ductility. Sometimes there are a few 

ɓ phases remained after the heat treatment as the cooling rate is not 

sufficiently slow, and these ɓ phases are also known as the retained ɓǋ 

phase. Meanwhile, the secondary ə precipitates can form during the heat 

treatment, which also enhances the strength of NAB via precipitation 

hardening. Furthermore, ə phases can be further categorised according 

to morphology, location, and distribution. əI phases have a rosette form 

and are mainly composed of Fe or Fe3Al. əII phases are also rosette-like 

or spheroidal NiAl-FeAl precipitates at the grain boundaries (mostly at the 

Ŭ/ɓ phase boundaries). əIII phases are lamellar, whose composition varies 

from NiAl to FeAl. əIV phases are fine needle-like precipitates formed 

within the Ŭ grains, and they are also based on Fe3Al. In addition, these ə 

phases also exhibit different crystal structures [63, 126, 127]. əIII phase 

has a BCC-based B2 structure, while the rest of the ə phases present a 
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DO3 structure. The complex composition in NABs by these phases with 

different chemical and crystallographic properties grants good corrosion 

resistance and causes selective phase corrosion [62-64, 130-134]. 

 
Fig. 2.18 ï Cavitation erosion behaviour of nickel -aluminium -bronze 
[64, 135]. a-b, SEM images of the surface and the cross-section of NAB 
after cavitation erosion; c-f, TEM images of the cross-section away from 
(about 200 nm) and near (about 50 nm) the surface after 3 h of cavitation 
erosion. 

NABs have excellent CER compared to many SSs and other copper alloys 

[136], which can be attributed to the strengthened structure by the hard ɓǋ 

and ə phases. During cavitation erosion, microcracks can frequently form 

at the Ŭ phase adjacent to ə precipitates instead of in the precipitate-free 

Ŭ phase or ə phases (Fig. 2.18a), and these microcracks often propagate 

along the Ŭ/ə phase boundary [62-64, 130, 131] and parallelly to the 

surface (Fig. 2.18b), which is attributed to both chemical (if in a corrosive 

medium) and physical attacks. Firstly, since the ə phase tends to have 

higher electronegativity than the Ŭ phase, localised galvanic corrosion can 

occur to the Ŭ phase at the Ŭ/ə phase boundary, where the Ŭ phase is 

coupled with the cathodic ə phase [63, 64, 130, 131]. Secondly, the low 
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SFE of the FCC Ŭ phase can improve the work-hardening ability [137, 

138]. Meanwhile, since the FCC Ŭ phase also has low strain rate 

sensitivity and good ductility, dislocation and slip are more likely to occur 

(Fig. 2.18c-f). As the ə phases have high hardness, the movement of the 

crystal defects in the Ŭ phase is blocked by the Ŭ/ə phase boundary, 

resulting in plastic deformation and material rupture in the Ŭ phase at the 

Ŭ/ə phase boundary (Fig. 2.18c-f) [135]. 

Further exposure to cavitation impacts can result in the growth of 

microcracks and subsequent material losses, which mainly happen to the 

Ŭ phase, and then the exposed ə phases start to detach from the surface 

[62-64, 130, 131, 135]. Meanwhile, the detachment of the large əI-III 

phases can leave large craters and very rough surface, which not only 

aggravates the CE but also leaves a large area of the metal matrix for 

corrosion attack [139]. On the other hand, since there are numerous small 

but hard əIV phases embedded in the Ŭ phase, crack propagation can be 

inhibited by these əIV phases [135]. Meanwhile, the strength of the material 

beneath the surface can be greatly enhanced via the formation of dense 

dislocations and deformation twins due to the repeated cavitation impacts, 

which is beneficial to CER [135]. However, other studies argue that such 

a hardening effect in the subsurface can cause subsurface cracks due to 

the reduced fracture toughness [63, 131]. 
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2.5 Cavitation-erosion-resistant coatings 

In practice, CE is not the only concern for the hydrodynamic component. 

The materials can face silt erosion, corrosion, biofouling, and other issues 

depending on the working conditions and environments. Therefore, extra 

approaches are necessary to optimise and customise CE-resistant alloys 

reviewed previously for dealing with these issues. The most cost-effective 

and extensively used approach is applying protective coatings. This 

section reviews the commonly used coatings for fluid machinery and 

mainly focuses on their CE performance. These coatings can be sorted 

into organic and inorganic types. At present, most of the published studies 

on CE-resistant coatings focus on inorganic coatings. This section briefly 

introduces some coating techniques, followed by a review of various 

inorganic coatings. 

 

2.5.1 Coating techniques 

Generally, most CE-resistant coatings are deposited by thermal spraying. 

Thermal spraying refers to various techniques that spray melted or heated 

materials onto a substrate surface. Depending on the principles, the 

thermal spraying techniques can be classified into flame spraying, 

atmospheric plasma spraying, controlled-atmosphere plasma spraying, 

vacuum plasma spraying, arc spraying, detonation-gun spraying, high-
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velocity oxygen-fuel (HVOF) spraying, high-velocity air-fuel (HVAF) 

spraying, cold spraying, and some other techniques developed recently. 

The detailed information about these thermal spraying techniques can be 

found in this literature [140]. In addition, some relevant techniques are 

briefly reviewed as follows. 

High-velocity oxygen-fuel (HVOF) spraying 

HVOF spraying is a feasible technique for depositing carbide and alloy 

coatings [140]. Most of the CE-resistant WC-based coatings are 

fabricated through HVOF spraying [34, 35]. A schematic of an HVOF 

spraying gun is shown in Fig. 2.19. During the HVOF spraying process, 

fuel is injected to an air- or water-cooled combustion chamber 

accompanied by oxygen. Then, the fuel-oxygen mixture is ignited, and the 

combustion and the exhaust gases are initiated, releasing a high-

temperature (up to 3000 K) supersonic (up to 2000 m/s) jet. Next, the 

powder is fed into the jet, and the particles that become melted or partially 

melted are propelled through the nozzle. A portion of the inflight particles 

can eventually hit and adhere to the substrate, forming a coating [140]. If 

air is used instead of oxygen, the spraying process is high-velocity air-fuel 

(HVAF) spraying. Since the inflight time of the particles within the heat 

source is very short due to the acceleration by the supersonic jet, the 

particles exhibit low oxidisation. Hence, the coating prepared by HVOF 
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tends to have a low oxide content, depending on the oxygen-to-fuel ratio 

[140]. In addition, the high particle velocity (up to 660 m/s for stainless 

steel particles) also provides a dense coating [141]. 

 

Fig. 2.19 ï Schematic of an HVOF spraying gun [142]. 

 

Cold spraying 

Cold spraying is very similar to HVOF spraying but with much lower 

thermal energy and higher kinetic energy. A schematic of a cold spraying 

gun is demonstrated in Fig. 2.20. During the cold spraying process, a 

stream of pre-heated (up to 600 K) high-pressure (several MPa) gas 

(nitrogen or helium) flows to the nozzle. Prior to the entrance of the nozzle, 

the compressed gas flow is further heated (up to 1500 K) by the heating 

element to achieve a higher flow velocity, and thus the injected powder 

accelerated by the compressed gas flow can reach a higher velocity. After 

exiting from the nozzle, some particles have gained sufficient kinetic 

energy (up to 1200 m/s), which guarantees the particles to exceed the 
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critical velocity and allows plastic deformation with a high strain rate to 

occur upon impact. These particles finally adhere to the surface of the 

substrate to form a coating [140]. 

 

Fig. 2.20 ï Schematic of a cold spraying gun  [143]. 

Compared to HVOF spraying, the particles are subjected to much lower 

heat but achieve much higher velocity during the cold spraying process. 

Therefore, the cold-sprayed coating exhibits minimal oxide content and 

low porosity [144]. 

 

Laser surface melting (LSM) 

Surface modification is commonly applied to improve the CER of a 

material since cavitation impacts only affect the surface. Compared to the 

conventional techniques, laser surface engineering is effective and 

flexible in enhancing the coating properties [145]. The input laser energy 

can be controlled to heat or melt the coating, providing a variety of surface 

treatments. As shown in Fig. 2.21, laser surface modification can be 

further sorted depending on the specific treatment applied. Laser 
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transformation hardening and laser surface melting (LSM) do not change 

the chemical composition of the material surface, while the rest of the 

techniques in Fig. 2.21 will introduce new materials to the surface. 

 
Fig. 2.21 ï Schematic of various laser surface modification 

techniques  [145]. 

Among these laser surface modification techniques, LSM is of particular 

interest in this work because the LSM process has been reported to have 

significant improvements in the CER of many materials. Cottam et al. 

reported a 1350% increase in the CER of NAB by LSM [146]. Song et al. 

also realised CER and corrosion resistance enhancement of cast NAB by 

LSM [147]. Tang et al. improved the CER and corrosion resistance of 

manganese-nickel-aluminium-bronze by LSM [148, 149]. Other materials, 
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such as cast iron [150], 316L ASS [151], and 420 MSS [152], were also 

found to have enhanced CER after being processed by LSM. 

 

Fig. 2.22 ï Schematic of laser surface melting process.  

A schematic of the LSM process is demonstrated in Fig. 2.22. During the 

LSM process, the material surface is melted by a laser with high energy 

density. Meanwhile, the material below the surface is almost unaffected 

and can be regarded as a heat sink, resulting in rapid cooling (about 103 

to 106 ÁC/s) and solidification of the molten pool [145]. Hence, a refined 

surface microstructure is achieved, and the microstructure is also 

homogenised. For example, coarse carbides in the coating can be 

converted into fine carbides [145]. 

 

Vacuum hot-pressing sintering (VHS) 

Sintering is a heat treatment process during which loose material (a 

powder or a mixture of powders) is heated to a high temperature but not 

melted and then cooled to acquire a dense material with desired 

properties. A more densified material can be achieved by introducing 

pressure during the sintering process, and this pressurised sintering 
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process is known as hot-pressing. If the oxidisation level of the final 

product is restricted, vacuum hot-pressing sintering (VHS) is a feasible 

method where the hot-pressing is conducted in vacuum [153]. In addition, 

since both high temperature and high pressure can be achieved, VHS is 

capable of processing carbide powders. Although only using VHS may not 

be able to prepare CE-resistant materials, VHS is an applicable method 

for making a composite with a desired chemical composition for further 

treatment. A schematic of a VHS device is shown in Fig. 2.23. 

 
Fig. 2.23 ï Schematic of a vacuum hot -pressing sintering device  

 

2.5.2 Inorganic coatings based on commercially available alloys 

CaviTec 

CaviTec is an Fe-based austenitic alloy for repairing hydraulic turbines 

due to its good resistance to CE and corrosion [154, 155]. The weld 

overlays of CaviTec outperform many alloys and HVOF sprayed coatings 
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in CER [156-158]. The HVOF-sprayed CaviTec coating also exhibits good 

CER but is not as good as the weld overlays because of defects, oxides, 

and the removal of the splat prior to undergo structural phase transition 

due to weak adhesion at inter-splat boundaries (Fig. 2.24) [159]. 

 

Fig. 2.24 ï The weld overlay of CaviTec and the HVOF -sprayed 
CaviTec coating subjected to cavitation erosion [157, 159]. a, Light 
micrograph of CaviTec weld overlay; b, SEM image of CaviTec weld 
overlay after CE test for 10 h, where the triangular structures indicate the 
existence of phase transformation; c&e , SEM images of the surface and 
cross-section of the CaviTec coating; d&f , The CaviTec coating after 2-h 
CE test, where phase transformation was not observed. 

 

Stellite 

Stellite series are Co-based alloys with fine carbide microstructure which 

were originally developed as the materials for cutting tools around 1910 

and were found to be wear-resistant around 1970 [160]. The subsequent 

studies suggest Stellite series also exhibit effective CER, possibly due to 

the low SFE and the energy absorption by the stress-induced phase 

transformation [161-163]. For the Stellite coatings, most of them are 
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based on Stellite 6. The HVOF-sprayed Stellite 6 coating has acceptable 

CER and good silt erosion resistance [156]. The weld overlay of the 

Stellite 6 has much better resistance to CE and silt erosion than its HVOF 

sprayed version and outperforms MSS 13Cr4Ni and other SSs for 

hydraulic components, and thus many researchers suggest that the weld 

overlay of Stellite 6 is applicable for repairing worn hydrodynamic 

components [164-166]. 

 

Fig. 2.25 ï The weld overlays of two Stellite alloys subjected to 
cavitation erosion [164, 165]. a, Microstructure of Stellite 6B weld 
overlay with large carbides; b, Cracks in a large carbide after CE; c, A 
eroded large carbide after CE; d, Microstructure of Stellite 6 weld overlay 
with small carbides; e-f, After 5-h and 10-h CE tests. 

According to the SEM images of the damaged surface from these studies 

(Fig. 2.25), it seems the coatings with large carbide particles [164] have 

more effective resistance than the coatings with the fine carbide 

microstructure at the inter-dendrite [165, 166], possibly attributed to the 

cracking at the inter-dendritic eutectic carbides due to the cooling process 

resulting in the eutectic carbides being preferentially eroded. However, 
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preferential erosion also frequently occurs to the Co-matrix at the phase 

boundaries and to the interface between two individual carbides, which 

subsequently causes the detachment of the carbides after further 

exposure to cavitation [164]. Apart from overlay welding, laser cladding 

can also deposit the Stellite 6 coating, whose resistance to CE, corrosion, 

and silt erosion is as good as the weld overlay [167, 168]. Meanwhile, 

some studies successfully improve the CER of the Stellite coatings by 

optimising the cladding process [169] and the mixed use of different 

Stellite products [170, 171]. In addition, it is worth mentioning that the 

study on the CE performance of the Stellite 6 coating in liquid sodium 

suggests the coating has a potential application in the centrifugal sodium 

pumps of a fast reactor [172]. 

 

Inconel 

Inconel series are high-performance Ni-based superalloys with superior 

mechanical properties, corrosion resistance, and temperature endurance, 

which are commonly used in nuclear and aerospace industries [173, 174]. 

Studies have shown that some Inconel alloys also possess good CER 

attributed to the stress-induced twinning effect and high hardness [175-

177]. For the weld overlays and the sprayed coatings, there are 

tremendous studies evidencing the good mechanical properties and 
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effective resistance to wear, erosion, corrosion, and erosion-corrosion 

[178-182]. Nevertheless, only a few studies investigate the CE behaviour 

[183-185]. Two studies deposited Inconel coatings onto the SS substrate 

by cold spraying, but the results show that the cold sprayed Inconel 

coating cannot resist CE effectively [183, 184]. Another study explored the 

feasibility of using the selective laser melted Inconel series as a low-cost 

alternative for the pipes that transport cryogenic fluids in rocket engines, 

and the results show that the selective laser melted Inconel 718 may have 

good CER [185]. The lack of the studies on the CE performance and the 

outstanding properties of the Inconel coatings suggests that further 

research on the CER of the Inconel coatings may be rewarding. 

 

2.5.3 WC-based cermet coatings 

As mentioned before, hydraulic components can face much more complex 

issues other than only CE. For hydro turbines, silt erosion is also a primary 

concern if the site is located at a sediment-rich river, which can cause 

severe erosion and performance degradation of the turbines [29, 34, 35]. 

WC-based cement coatings, especially those deposited by the HVOF 

spraying techniques, can provide excellent resistance to cavitation and slit 

erosion, and thus they are the most extensively used coatings for the 

protection of the hydro turbines [34, 35, 186-190]. Generally, the WC-Co 
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and the WC-CoCr coatings are the most commonly used HVOF-sprayed 

WC-based cermet coatings for resisting CE. In deionised water, the WC-

Co and the WC-CoCr coatings have similar CER [191]. However, the WC-

CoCr coatings are preferred for operating in corrosive environments 

because the WC-Co coatings can be easily damaged by the dissolve of 

Co matrix phase, while the WC-CoCr coatings can exhibit the formation 

of protective surface oxides [191]. For the application in the marine 

environment, biofouling is another critical concern. Despite there being 

very few studies on the anti-fouling ability of the WC-based cermet 

coatings, a recent field study reported that the HVOF-sprayed WC-based 

cermet coatings exhibited much better resistance to biofouling compared 

with the air-plasma-sprayed Al2O3-TiO2 coating (a typical protective 

coating for hydraulic actuator piston rods in marine vessels) [192]. 

The outstanding CER of the HVOF-sprayed WC-based cermet coatings 

can be attributed to the combination of the hard WC phase and the ductile 

metallic binder phase. Ideally, the hard phase directly resists the cavitation 

impact, and the ductile phase dissipates the impact energy by forming 

dislocations, slips, twins, and the movement of these crystal defects 

(similar to DSS and NAB in Fig. 2.17 and Fig. 2.18). Nevertheless, the 

inter-splat boundaries and the defects such as the pre-existing pores in 

the HVOF-sprayed WC-based cermet coatings can bring about various 
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failure modes. 

Due to the weak adhesion at the inter-splat boundaries, cavitation impacts 

can cause the removal of the splat before the formation of dislocations, 

slips, and twins, in the ductile metal matrix. As a result, the metallic phase 

in the HVOF-sprayed WC-based coatings can be susceptible to cavitation 

impacts, and hence a typical failure mode for the HVOF-sprayed WC-

based cermet coatings is the erosion of the binder phase followed by the 

microcrack propagation along with the phase boundaries causing the 

subsequent brittle detachment of the WC particles (Fig. 2.26c) [193-201]. 

On the other hand, as the adhesion strength at the phase boundary can 

be quite weak for the sprayed coatings, the other typical failure mode is 

the sudden detachment of the WC particles leaving the metallic binder 

phases beneath unprotected, which causes the accelerated erosion due 

to the unprotected metallic binder phases being severely eroded (Fig. 

2.26c) [193, 197, 198]. Furthermore, the cavitation impact at the weak site 

or the pores on the coating surface can initiate the formation of 

microcrack, and further impacts can cause crack propagation. Although 

crack propagation can be hindered by the hard WC particles, the 

microcrack may grow along with the inter-splat boundaries and bypass 

the WC particles due to the weak adhesion at the inter-splat boundaries 

or the selective corrosion at the phase boundaries (if in corrosive 
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mediums), resulting in severe detachment of the surface material (Fig. 

2.26e-f) [191, 193-196]. 

 

Fig. 2.26 ï HVOF-sprayed WC -CoCr coatings subjected to cavitation 
erosion [193, 194, 202]. a-b, Cross-section of the coating in high and low 
magnifications; c, Mildly eroded surface; d, Severely eroded surface after 
20-h CE test; e, Cross-section of the eroded coating; f, Debris from the 
eroded coating. 

It is well acknowledged that microhardness, fracture toughness, and 

porosity are the most crucial factors correlated to the CER of the HVOF-

sprayed WC-based coatings. High fracture toughness indicates a good 

adhesion strength at the interfaces, such as the phase and the inter-splat 

boundaries, and thus the sprayed coating with high fracture toughness 

can effectively absorb the cavitation impact energy and inhibit the 

formation and propagation of the microcracks [191, 201, 203-207]. The 

porosity of the coatings should be minimised since pores are usually 

considered the potential sites for crack nucleation and are preferentially 

damaged during CE [191, 196, 197, 205]. As for microhardness, it may 

not be a reliable criterion when comparing the coatings with different 

metallic binder phases [201]. However, many studies still took 
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microhardness into consideration and found it positively correlated to the 

CER of the HVOF-sprayed WC-based coatings because it indicates the 

content of the defects in the sprayed coatings to some extent [190, 191, 

196-198, 207-209]. 

Therefore, improving the CER of the HVOF-sprayed WC-based cermet 

coatings is usually from the perspectives mentioned above, and numerous 

studies have given positive results via various approaches. Heat 

treatment can be the most straightforward post-deposition approach. For 

example, Du et al. reported that heat treatments could effectively reduce 

the porosity and improve the interface adhesion of the HVOF-sprayed 

WC-12Co coating, and the CE rate of the heat-treated coating was almost 

halved compared to the as-sprayed coating [209]. Post-melting is also an 

effective post-deposition approach for improving the CER of thermal-

sprayed coatings. As mentioned before, the microcracks tend to form and 

propagate at the inter-splat boundaries, while post-melting can reduce the 

inter-splat boundaries and disrupt the intrinsic lamellar microstructure of 

the thermal sprayed coatings. Meanwhile, fracture toughness can be 

improved as well (Fig. 2.27) [201]. Therefore, post-melting is considered 

a feasible approach to enhance the CER of the thermal-sprayed coatings. 
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Fig. 2.27 ï HVOF-sprayed and post -melted WC -CoNiCr coatings 
subjected to cavitation erosion [201]. a, The sprayed coating; b, The 
sprayed coating after post melting; 1, Cross-sections; 2, Eroded surfaces. 

Optimising spraying parameters is a challenging but applicable approach 

to improving the quality of HVOF-sprayed WC-based cermet coating 

[202]. Kanno et al. found that the HVOF-sprayed WC-CoCr coating 

exhibited a dense microstructure and superior CER if the combustion 

pressure was 0.8 MPa during deposition [207]. Becker et al. reported that 

the oxygen-fuel ratio could greatly affect the CE of the HVOF-sprayed 

WC-20Cr3C2-7Ni coating [210]. Ding et al. suggested that using liquid fuel 

could provide HVOF-sprayed WC-10Co-4Cr coatings with lower porosity 

and better CER compared with gas fuel (Fig. 2.28) [194], and similar 

results were also found by Lamana et al. from the HVOF-sprayed WC-Co 

coatings [206]. Wang et al. reported that HVAF-sprayed WC-10Co-4Cr 

coating was less likely to undergo decarburisation and had lower porosity, 
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higher hardness, higher fracture toughness, and thus better CER than the 

HVOF-sprayed WC-10Co-4Cr coating [208]. Varis et al. evaluated the 

compressive residual stress of the HVOF- and the HVAF-sprayed WC-

10Co-4Cr coatings and suggested that the higher compressive residual 

stress of the HVAF-sprayed coating might contribute to better CER [211]. 

 
Fig. 2.28 ï WC-CoCr coatings deposited by HVOF spraying using gas 
and liquid fuels subjected to cavitation erosion [194]. a, The coating 
prepared by using gas fuel; b, The coating prepared by using liquid fuel; 
1, Cross-sections; 2, Surfaces at the beginning of CE test; 3, Eroded 
surfaces after 2-h CE test. 

Apart from spraying parameters, many studies have suggested that the 

properties of the feedstock powder can have a significant influence on the 

CER of the HVOF-sprayed WC-based cermet coatings. Hong et al. 

deposited an HVOF-sprayed coating using a near-nanostructured WC-

10Co-4Cr powder and suggested that the amorphous phase, high 

hardness, and high fracture toughness of the coating contributed to the 

good resistance to corrosion and CE [70, 198]. Li et al. prepared two 

HVOF-sprayed WC-10Co-4Cr coatings from a conventional micro powder 

and a nano-micron bimodal powder, finding that the bimodal coating had 
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lower porosity, higher hardness, and better CER in artificial seawater 

[196]. Ding et al. have performed a series of research on the HVOF-

sprayed WC-based cermet coatings with WC particles of different sizes. 

 
Fig. 2.29 ï HVOF-sprayed WC -CoCr coatings with different WC size 
distributions subjected to cavitation erosion [203]. a, The 
conventional HVOF-sprayed WC-CoCr coating; b, The coating with WC 
particles whose size ranges from nano to micron; 1, Cross-sections; 2, 
Eroded surfaces. 

The preliminary studies investigated the CER of the HVOF-sprayed WC-

12Co using the WC-12Co powders with different WC size, indicating that 

CER was correlated to the size of the WC, and the coatings with large-

sized WC particles had less effective CER than the other coatings with 

small-sized and mixed-sized WC particles [212, 213]. Recent studies by 

Ding et al. prepared various HVOF-sprayed WC-10Co-4Cr coatings using 

a nanostructured powder, a nano-micron bimodal powder, and a nano-

submicron-micron multi-scaled powder, respectively, among which the 

coating with multi-scaled WC particles exhibited the best CER attributed 
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to its lowest porosity and highest fracture toughness (Fig. 2.29) [194, 203-

205]. 

 

Fig. 2.30 ï HVOF-sprayed WC -CoCr and WC -Ni coatings subjected to 

cavitation erosion [200]. a, HVOF-sprayed WC-CoCr coating; b, HVOF-

sprayed WC-Ni coating; 1, Cross-sections; 2, Eroded surface after 6-h CE 

test (low magnification); 3, Eroded surface after 6-h CE test (high 

magnification). 

Altering the ratio and the chemical composition of the metallic binder 

phase is also an option to improve the CER of the HVOF-sprayed WC-

based cermet coatings. Lamana et al. investigated the CER of the WC-

12Co and the WC-17Co coatings sprayed by HVOF and found that the 

increased content of Co could provide improved fracture toughness and 

CER [206]. Lima et al. prepared HVOF-sprayed WC-based coatings using 

an equally blended powder of WC-12Co and NiCr [201]. The results 

showed that the CER of the WC-Co-NiCr coating was better than the WC-

12Co coating due to the improved fracture toughness, and the CER of the 
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former was greatly enhanced after post-melting. Lin et al. reported that 

the HVOF-sprayed WC-10Ni coating exhibited higher elastic modulus and 

better CER than the WC-10Co-4Cr coating (Fig. 2.30) [200], while Hong 

et al. found that the CER of the HVOF-sprayed WC-20Cr3C2-7Ni slightly 

outperformed the WC-10Ni coating [214]. 

The above two studies also suggested that a high hardness (H) to elastic 

modulus (E) ratio and a high H3/E2 ratio had positive effects on the 

plasticity and elastic energy absorption during CE [200, 214]. Korobov et 

al. studied the CE performance of the HVAF-sprayed WC-10Co-4Cr and 

the WC-20Cr3C2-7Ni coatings in the alkalescent environment, showing 

that the WC-20Cr3C2-7Ni coating had better CER attributed to the 

improved hardness and plasticity to the dissolution of Cr [215]. In addition, 

the materials for modification are not limited to metals or carbides. For 

example, Thakur et al. found that the HVOF-sprayed nano WC-10Co-4Cr 

coating modified by the multi-walled carbon nanotubes in the binder matrix 

could effectively increase the fracture toughness and the slit erosion 

resistance [216]. 

Apart from spraying techniques, laser processing techniques are 

applicable to fabricate WC-based coatings with good CER. Cheng et al. 

prepared laser surface alloyed 316L ASSs with WC-Ni and WC-Co 

powders [217]. The results show that the CER of the laser surface alloyed 
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316L ASSs was improved, and the best resistance was achieved by the 

sample alloyed with the WC-Co powder, possibly attributed to the low SFE 

and the presence of martensitic transformation by the Co-rich matrix. Lo 

et al. extended the previous study by laser surface alloying 316 ASSs with 

coarse [218] and fine [219] WC powders. The significantly enhanced CER 

was achieved due to the laser surface alloyed samples exhibiting a 

microstructure composed of dendritic carbides and eutectic inter-dendritic 

carbide/ɔ-FeCrNiW, which could effectively resist cavitation damage. 

However, the large WC particles in the samples alloyed with the coarse 

WC powder could be subjected to severe brittle detachment [218]. Hence, 

the best CER was achieved by the sample alloyed with the fine WC 

powder, which was 30 times higher than the as-received 316 ASS [219]. 

Other studies have also reported the enhanced CER of various materials 

that were laser surface alloyed with WC or the WC-consisted materials 

[220-223]. Besides laser processing, there are other interesting 

techniques that fabricate WC-based cermet coatings with effective CER, 

such as chemical vapour deposition [224] and microwave cladding [225]. 

 

2.5.4 Fe-based amorphous/nanocrystalline coatings 

Although the thermal-sprayed WC-based cermet coatings are most 

extensively used to protect hydrodynamic components, researchers are 
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seeking alternatives due to the high cost [35]. Thermal-sprayed Fe-based 

amorphous/nanocrystalline (A/N) coatings exhibit high wear and corrosion 

resistance and relatively low cost [226-230]. These papers also reviewed 

the effects of various spraying techniques [226, 228] and alloying 

elements [226, 227] on Fe-based A/N coatings, which may be valuable for 

the design and development of Fe-based A/N coatings. Despite literature 

reporting that the CER of the Fe-based A/N coatings could be lower than 

the WC-based cermet coatings in some cases [195, 231], thermal-

sprayed Fe-based A/N coatings are still promising in the applications 

generally using WC-based cermet coatings. 

 
Fig. 2.31 ï HVOF-sprayed Fe -based A/N coating subjected to 
cavitation erosion [232]. a, SEM image of the cross-section in low 
magnification; b-d, SEM images of the cross-section in high magnification 
showing the microstructures in the coating; e, Eroded surface; f, Erosion 
at the interface between amorphous matrix and a partially melted particle. 

Wu et al. prepared HVOF-sprayed FeCrSiBMn A/N coating (Fig. 2.31), 

and the CER of the coating outperformed MSS 13Cr5Ni in a noncorrosive 

medium [232]. Wang et al. fabricated FeCrNiBSiNb, FeCrBSiWNb, and 

18Cr9Ni coatings by high-velocity arc spraying, and the results showed 
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that both high-velocity-arc-sprayed Fe-based A/N coatings exhibited 

much better CER than the 18Cr9Ni coating [233]. The two preliminary 

studies also suggested that the cavitation damage tended to initiate at the 

edges of the pores and the interfaces of the splats [232, 233]. Kim et al. 

also reported similar results and found that the CER of the HVOF-sprayed 

Fe-based A/N coating was negatively correlated to porosity [234]. 

Meanwhile, the interfaces formed by the unmelted or partially melted 

particles were susceptible to CE [232-234]. 

Hong et al. and Qiao et al. have conducted a series of studies on the CE 

of the HVOF-sprayed Fe-based A/N coatings [195, 235, 236]. The 

preliminary study reported that the HVOF-sprayed Fe-based A/N coating 

had lower CER but higher corrosion resistance in 3.5 wt.% NaCl solution 

compared to the HVOF-sprayed WC-based cermet coating [195], 

suggesting the potential application of Fe-based A/N coatings in corrosive 

environments. Then, Hong et al. studied the influences of the spraying 

parameters on the microstructures and CER of the HVOF-sprayed Fe-

based A/N coatings and found the most optimised spraying parameters 

that provided minimised porosity, highest hardness, and greatest CER 

[235]. Qiao et al. conducted a further study on the failure mechanism of 

the HVOF-sprayed Fe-based A/N coating exposed to CE [236]. Besides 

the results similar to the previous literature [232-234], the study found that 
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a part of the amorphous phase was subjected to nanocrystalline 

transformation first and then removed from the coating during CE [236]. 

Furthermore, the study pointed out that high fracture energy and small 

grain size were beneficial to improving the CER of the HVOF-sprayed Fe-

based A/N coating. 

 

2.5.5 Other ceramic/cermet coatings 

As the cost of WC is a bit high, researchers have been screening other 

CE-resistant cermet coatings at a low cost. Cr3C2-based cermet coatings 

have corrosion, slit erosion, and CE resistance that is similar to the WC-

based cermet coatings [191, 210, 237-242], and thus Cr3C2-based cermet 

coatings can be a possible low-cost substitute for the WC-based cermet 

coatings other than Fe-based A/N coatings. The good CER of the Cr3C2-

based cermet coatings is attributed to the composition of the ductile and 

the brittle phases, and their failure mode also follows that of the WC-based 

cermet coatings [191, 237, 242]. 

The CE behaviour of yttria-stabilised zirconia (YSZ) and YSZ-based 

coatings is also investigated by some studies, as the bulk YSZ can 

undergo tetragonal-monoclinic martensitic phase transformation during 

CE [243]. Nevertheless, the CER of the YSZ and YSZ-based coatings was 

disappointing compared to the HVOF-sprayed WC-based cermet coatings 
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[244-246], possibly due to the adhesive failure [247]. 

The Al2O3-based coatings attract researchers by their extremely low cost, 

among which the Al2O3-TiO2 coating is the most promising one due to the 

good mechanical properties and some antifouling ability [248-251]. 

Although many studies found the poor CER of the Al2O3-TiO2 and other 

Al2O3-based coatings due to the poor adhesion [252-256], a few studies 

achieved acceptable CER of the Al2O3-based coatings, such as flame-

sprayed Al2O3-40%TiO2/NiMoAl coatings [257], Rodojet-sprayed Al2O3-

50%TiO2 coatings [258], and HVOF-sprayed Al2O3-40%YSZ/ZrO2 

coatings [259]. 

Laser surfacing with engineering ceramics can offer effective CER. Apart 

from WC and Cr3C2, Cheng et al. evaluated the CER of the ASS S31603 

laser-surface-modified with SiC, TiC, CrB2 and Cr2O3 [260], finding that 

the addition of CrB2 improved the CER of the ASS S31603 by about 9 

times. The ASS S31603 laser surface modified with the other engineering 

ceramics except for Cr2O3 also provided enhanced CER [260]. 

 

2.6 Improving cavitation erosion resistance 

In previous Subsection 2.5.3, the approaches to improving the CER of 

WC-based coatings have been reviewed. This section reviews a few other 

studies where the change of microstructure is found to play an important 
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role in the enhancement of CER, as this thesis is particularly focused on 

the microstructural behaviours of the materials during CE. In addition, the 

materials which can potentially improve the CER of the coatings are briefly 

reviewed.  

Cheng et al. applied heat-treatment to a austenitic NiTi alloy by aging at 

200-600 ÁC, and their study pointed out that proper heat treatment could 

enable the coexistence of superelastic austenite and superplastic (large 

tensile elongation before failure) martensite in the NiTi alloy, providing 

exception long incubation period and remarkable CER (Fig. 2.32) [261]. 

 

Fig. 2.32 ï Microstructure and cavitation erosion behaviour of NiTi 
alloys with and without heat -treatment [261]. a, XRD results showing 
that the heat-treated NiTi alloy exhibits both austenite (B2) and martensite 
(B19ô) while the original NiTi alloy is fully austenite (B2); b-c, The surface 
of the NiTi alloys after CE test. 

As reviewed in Subsection 2.4.2, the phases in NABs can affect the 

cavitation erosion-corrosion resistance. Therefore, the configuration of the 

microstructure of the NAB via certain treatments may enhance the 

resistance. Qin et al. found that the cavitation erosion-corrosion resistance 

of the cast NAB can be improved by heat treatments such as normalizing 

and quenching (Fig. 2.33) [139]. The quenched and the quenched-aged 

NABs do not have any large ə phases, which effectively minimises 
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selective phase corrosion (Fig. 2.33c). The homogenised and refined 

microstructure after the quenching or the quenching-ageing allows the 

uniform corrosion on the surface, and thus the formation of the passive 

protective film is in good condition. Meanwhile, the dense and 

homogeneous distribution of the hard ɓǋ and the ə phases can strengthen 

the resistance to cavitation impacts. In addition, the evenly dispersed ə 

phases with supersaturated Ni and Al also result in the formation of a 

uniform passive film. Wu et al. also reported similar findings from the heat-

treated NAB [262]. In addition, the microstructure of NAB can be optimised 

for enhancing cavitation erosion-corrosion resistance via friction stir 

processing [263-266]. 

 

Fig. 2.33 ï Microstructure and cavitation erosion behaviour of nickel -
aluminium -bronzes post -treated by different method [139]. a, As-cast 
NAB; b, Normalized NAB; c, Quenched NAB; 1, Light micrographs of the 
cross-sections; 2, SEM images of the cross-sections; 3, SEM images of 
the eroded cross-section. 
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Fig. 2.34 ï Microstructur al evolution of pure copper and aluminium -
bronze  exposed to cavitation  for different  durations  [267]. a, Pure 
copper; b, Aluminium-bronze. 

As mentioned previously, the material with low SFE may have good CER. 

Zhang et al. reduced the SFE of Ŭ-phase aluminium-bronzes to study the 

effects of SFE on CER by increasing the aluminium content [267]. The 

studied found that SFE was negatively correlated to CER. For the 

materials with high SFE, cross-slip is frequently formed during the 

exposure to cavitation, leading to the wavy slip mode of deformation (Fig. 

2.34a1). Thus, highly localised plastic flow can occur at the early stage, 

which causes the formation, growth, coalescence of the microcracks (Fig. 

2.34a2), resulting in a high erosion rate. The low SFE can inhibit the 

formation of cross-slip via preventing the recombination of partial 

dislocations [103]. Hence, different from the large craters in high SFE 
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materials (Fig. 2.34a), planar slip is the dominant plastic deformation 

mode in low SFE materials, and the erosion is very mild (Fig. 2.34b). The 

studies on other alloys also indicate that good CER is correlated to the 

low SFE [268, 269]. For example, a recent work by Szala et al. reports 

that nitrogen ion implantation can remarkably enhance the CER of the hot 

isostatically pressed Stellite 6 alloy because the nitrogen ion implantation 

converts the HCP (hexagonal close-packed) phase to the FCC phase with 

low SFE, which allows the Co-based matrix effectively to consume the 

cavitation impacts by work-hardening effect and stress-induced phase 

transformation [268]. 

For the WC-based coatings, apart from what have been mentioned in 

Subsection 2.5.3, the addition of Cr to the coatings may have positive 

effects on the CER. As an alloying element, Cr is known for its outstanding 

corrosion resistance and high hardness, which can effectively improve the 

corrosion and oxidation resistance of coatings [270, 271]. Bordeasu et al. 

found that the Ni-Cr ratio can affect the CER of steels [272]. St-Georges 

fabricated laser-cladded NiCr-WC coatings exhibited good abrasive wear 

resistance [273]. Tam et al. reported that the CER of laser-cladded 

NiCrFe-WC was much higher than that of brass [220]. 

Apart from Cr, adding rare earth elements during the fabrication of 

coatings may also improve the CER. Literature reported that when being 



Literature review 

71 

alloyed with metals, rare earth elements, such as Ce and La, can reduce 

the melting point of the alloy system and accelerate the nucleation rate 

[274]. For the Fe-based and the Ni-base coatings deposited via laser-

cladding, the addition of Ce and La can greatly improve coating quality 

and thus enhances wear and corrosion resistance [275-277]. On the other 

hand, the addition of rare earth elements is found having a positive effect 

on the CER of DSS, NAB, and the HVOF-sprayed WC-10Co-4Cr coating 

[278-280].  

 

2.7 Summary of the literature review 

2.7.1 Strategies for achieving good cavitation erosion resistance 

The followings are the strategies for achieving good CER concluded from 

the studies on the CE-resistant inorganic materials reviewed previously: 

1. Low SFE 

The material with low SFE can prevent the recombination of partial 

dislocations, resulting in the inhibition of the formation of cross-

slip, and fatigue crack is less likely to occur. Meanwhile, the work-

hardening ability is benefited from low SFE. Therefore, the low 

stacking fault energy usually indicates good CER. 

2. Stress-induced phase transformation 

Some materials exposed to cavitation impacts can exhibit stress-
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induced phase transformation by consuming a portion of the 

impact energy. As a result, the deformation by the impact is 

reduced, and the severity of CE is mitigated. 

3. Combination of ductile and hard phases 

The high strength of the hard brittle phase can directly resist the 

cavitation impacts, while the ductile phase consumes the impact 

energy by forming dislocations, slips, twins, and the movement of 

these crystal defects. Therefore, good CER can be realised by 

combining ductile and hard phases. 

4. Minimisation of defects 

Defects, such as pre-existing pores and cracks, are negatively 

correlated to CER, since CE can preferentially attack defects. 

Hence, another frequently adopted strategy for enhancing the 

CER of the materials is minimising these defects. 

 

2.7.2 Research gaps 

In reviewing the literature about the development of the CE-resistant 

materials, the work presented in this thesis attempts to make progress 

towards the following aspects: 

1. Enhancement in the CER of the WC-based coatings 

The HVOF-sprayed WC-based cermet coatings are the most 
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successful ones in protecting hydrodynamic components against 

CE and have been extensively used for now. However, these WC-

based cermet coatings are quite expensive [35]. Therefore, 

researchers have been seeking low-cost substitutes, such as Fe-

based A/N coatings and other cermet coatings with inexpensive 

ceramics, but the application of these coatings has not been 

realised yet. On the other hand, a more conservative but effective 

choice is enhancing the CER of the WC-based coatings to extend 

the service life. Nevertheless, most relevant studies only achieved 

minor improvements in the CER of the WC-based coatings. 

 

2. Relationship between microstructure and CE performance 

Apart from what was mentioned in Subsection 2.7.1, the 

mechanical properties of the coatings, including microhardness 

and fracture toughness, are also correlated to the CER, but cannot 

dominate the CER. This is because the mechanical properties of 

the coatings are dependent upon the microstructural features and 

the defects of the coatings. Nevertheless, a considerable number 

of studies on the development of CE-resistant coatings pursued 

the accomplishment of excellent mechanical properties but 

unintentionally neglected the effect of microstructure on the CE 
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performance. In addition, although many studies investigated the 

behaviours of different microstructures in response to CE, the 

analyses were based on the post-mortem examination, leaving the 

microstructural evolution during CE unrevealed. 

 

2.7.3 Selection of materials and processing methods 

This research project aims to develop CE-resistant materials and 

investigate the effects of microstructure on the CE behaviours of the 

materials. As the combination of ductile and hard phases may provide 

good CER, the target materials are supposed to have ductile phases and 

hard phases. WC is selected as the hard phase since WC-based cermet 

coatings exhibit good CER. To minimise variables, the ductile phase of the 

material should be monoalloy, and Cr, Co, and Ni are the potential 

choices. Ni is selected in this work for two reasons. Firstly, Ni has an FCC 

structure which may exhibit low SFE. Secondly, there is an optimised 

method using cold spraying to pre-deposit Ni-WC composites with 

minimised oxide [281]. In addition, vacuum hot-pressing sintering (VHS) 

is also used to prepare Ni-WC composites. 

As conventional heat-treatment techniques cannot significantly change 

the microstructure of WC-based composites, the post-treatment with a 

high energy input is required. Meanwhile, the post-treatment that can 
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introduce oxides or other impurities is unfavourable, as the materials with 

and without post-treatment are supposed to be compared. Therefore, 

laser surface melting (LSM) is selected as the post-treatment because the 

rapid solidification during LSM can provide altered microstructure with 

minimised oxide. 
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Chapter 3   

Materials and experimental methods 

 

3.1 Materials 

In this work, laser surface melting (LSM) was introduced to the cold-

sprayed Ni-WC composite coating and the sintered composites of Ni-WC, 

Ni-WC-CeO2, and NiCr-WC. The cold-sprayed coating was deposited 

onto 316L austenitic stainless steel (ASS) substrate. The ASS 316L was 

also used as the reference material for evaluating cavitation erosion (CE) 

performance. Detailed information on the raw materials is listed in Table 

3.1. 

Table 3.1 ï Feedstocks for cold spraying and sintering.  

Material  Use Supplier  Note 

Ni powder Cold spraying Centerline, Canada 
Purity: 99.7%; 

Size: ~ 5 ɛm 

WC 

powder 
Cold spraying Sulzer Metco, USA 

Purity: 99.7%; 

Size: ~ 20 ɛm 

Ni powder Sintering 
Changsha Tianjiu 

Metallics, China 

Purity: 99.5%; 

Size: ~ 5 ɛm 

WC 

powder 
Sintering 

Changsha Tianjiu 

Metallics, China 

Purity: 99.5%; 

Size: ~ 3 ɛm 

CeO2 

powder 
Sintering 

Changsha Tianjiu 

Metallics, China 

Purity: 99.5%; 

Size: ~ 3 ɛm 

Cr powder Sintering 
Changsha Tianjiu 

Metallics, China 

Purity: 99.5%; 

Size: ~ 3 ɛm 

ASS 316L Cold spraying 
Xinghua Guojin 

Metallics, China 

As substrate 

and reference 
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3.2 Cold spraying 

Low-pressure cold-gas dynamic spraying (SST series P, CenterLine, 

Canada) was used to deposit Ni-WC coatings onto the top surface of 316L 

ASS substrates. The substrate was a solid cylinder of 20 mm in diameter 

and 10 mm in thickness. Prior to cold spraying, these substrates were grit-

blasted by 24-grit alumina with 0.3-1.0 MPa compressed air for 1 min 

(Manus Abrasive Systems, Canada) and then cleaned in ethanol to 

increase the adhesion between the coating and substrate. The spraying 

parameters are given in Table 3.2.  

Table 3.2 ï Spraying parameters for depositing Ni -WC coating.  

Length of nozzle [mm] 120 

Entrance diameter of nozzle [mm] 4.46 

Exit diameter of nozzle [mm] 6.40 

Pressure of compressed Air [kPa] 634 

Temperature of compressed air [°C]  550 

Carrier gas Argon 

Pressure of carrier gas [kPa] 483 

Volumetric flow rate of carrier gas [l/min] 7 

Stand-off distance [mm] 5 

Transverse velocity [mm/min] 300 

A robot (Motoman HP-20, Yaskawa Electric, USA) was utilised for 

automatic control, to which the nozzle was installed. The Ni-WC powder 

blend, which was composed of mechanically blended Ni powder (8 wt.%) 

and WC powder (92 wt.%), was transported via a volumetric powder 

feeder (5MPE, Sulzer Metco, USA) to the nozzle by the carrier gas. The 

content of the WC in the as-sprayed coating was about 25 vol.% (36.7 

wt.%) which was much lower than the Ni-WC powder blend due to the 
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relatively lower deposition efficiency of the WC powder than the Ni 

powder. 

 

3.3 Vacuum hot-pressing sintering (VHS) 

The sintered Ni-WC metal matrix composites (MMCs) were fabricated by 

vacuum hot-pressing sintering (VHS). The feedstocks were composed of 

mechanically blended powders. The volumetric ratio of the WC and the Ni 

in the feedstocks was 1:3 for the Ni-WC MMCs. The CeO2 content in the 

Ni-WC-CeO2 MMCs was 0.9, 1.8, and 2.7 wt.%, respectively. The WC 

content was 25 vol.%, and the content of the Cr was 10, 20, and 30 vol.%, 

respectively, for the NiCr-WC MMCs. A list of the composition of the 

sintered MMCs is tabulated in Table 3.3. 

Table 3.3 ï Chemical composition of the sintered MMCs.  

Set 
Composition (vol.%)  Composition (wt.%)  

Ni WC CeO2 Cr Ni WC CeO2 Cr 

1 75.0 25.0 - - 63.1 36.7 - - 

2 74.0 24.7 1.3 - 62.6 36.5 0.9 - 

3 73.0 24.4 2.6 - 62.0 36.2 1.8 - 

4 72.1 24.0 3.9 - 61.4 35.9 2.7 - 

5 65.0 25.0 - 10.0 55.6 37.5 -  6.9 

6 55.0 25.0 - 20.0 47.9 38.1 - 14.0 

7 45.0 25.0 - 30.0 39.9 38.8 - 21.3 

The blended feedstock was fed into the mould in a VHS furnace (ZT-25-

20Y, Shanghai Chenhua Science Technology, China). Once the furnace 

was vacuumed to below 5 Pa at room temperature, the furnace started 

heating, and the temperature was controlled as per Fig. 3.1. Once the 
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temperature reached 800 ÁC, a load up to 40 MPa was applied to the 

powder mixture at a rate of 2 MPa/min, and the load was held until the 

furnace was cooled to room temperature. 

 

Fig. 3.1 ï Temperature control of the furnace for the sintered Ni -WC(-
CeO2). 

 

3.4 Laser surface melting 

The as-sintered MMCs were cut into bars with a square cross-section of 

10 x 10 mm via wire electrical discharge machining (MV2004S, Mitsubishi 

Electric, Japan). The as-sprayed coatings and the as-sintered MMC bars 

were grounded by 240-grit sandpaper. The as-grounded samples were 

cleaned in ethanol and dried in hot air. Then, these samples were 

processed by LSM. The LSM process was performed in a digital-

controlled platform (Laser manufacturing centre, Hans Laser, China) with 

an ytterbium laser system (YLS-2000, IPG Photonics, USA). The 
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processing parameters of LSM are presented in Table 3.4, and a 

schematic demonstration is shown in Fig. 3.2.  

Table 3.4 ï Processing parameters of laser remelting.  

Focus position On the surface 

Laser wavelength [nm] 1075 

Spot size in diameter [mm] 0.5 

Trace spacing [mm] 0.25 

Power [W] 300, 400, and 500 

Transverse speed [mm/min] 200 

Shielding gas Nitrogen 

Shielding gas flow rate [L/min] 1.5 

 

 
Fig. 3.2 ï Schematic showing  the laser surface melting process in 
this work.  

In addition, a margin of 1 mm out of the sample periphery (a circumscribed 

square for the cold-sprayed sample) was kept for the laser-scanned 

region. Apart from being processed by 300-, 400-, and 500-W lasers, 

some Ni-WC samples were also treated by 200- and 600-W lasers. 

However, the 200-W laser could not melt the coating, while the 600-W 

laser caused serious damage. Thus, the results for the sample treated by 

300-, 400-, and 500-W lasers are presented. 
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3.5 Characterisations and tests 

3.5.1 Sample preparation 

The as-remelted sintered MMC bars were cut into 10 mm cubes before 

the subsequent processing. The LSM surface of some as-remelted cold-

sprayed cylindrical samples and as-remelted sintered cubic samples were 

grounded on 240-, 400-, 800-, 1200-, and 2000-grit SiC paper and then 

polished with 2.5 ɛm, 1 ɛm, and 0.25 ɛm diamond suspensions. The final 

surface finishing was accomplished by polishing with 0.02 ɛm colloidal 

silica suspension. The as-sprayed and the as-sintered samples were 

subjected to the same grinding and polishing process. These samples 

with polished surfaces were used for X-ray diffraction (XRD), scanning 

electron microscopy (SEM), and CE tests.  

The other as-remelted samples were cut along the laser progressive 

direction (Fig. 3.2). Some as-sprayed and as-sintered samples were also 

sliced. The cross-section of these samples was grounded and polished as 

per the same procedures demonstrated above. These samples with 

polished cross-sections were used for SEM, electron backscattered 

diffraction (EBSD), and microhardness test. The polished cross-section of 

the cold-sprayed samples and the LSM cold-sprayed Ni-WC samples was 

also examined by nanoindentation test. Some thin films were milled and 

cut from the cross-section of the LSM cold-sprayed Ni-WC samples by 
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focused ion beam (Auriga, Zeiss, Germany) with liquid Ga+ source at 30 

kV and 2 nA for transmission electron microscopy (TEM). 

In addition, some as-remelted cold-sprayed samples were chemically 

etched for SEM. The etchant was a mixture of 37 wt.% hydrochloric acid 

(10 g) and 35 wt.% hydrogen peroxide solution (10 g) in deionised water 

(30 ml), supplied by Shanghai Aladdin Biochemical Technology, China. 

The non-coated surface of the specimen was sealed by epoxy resin. Then, 

the partially sealed specimen was submerged in the etchant for 5 min to 

completely remove the Ni and fully expose the WC structure. 

 

3.5.2 X-ray diffraction (XRD) 

XRD (D8 Advance, Bruker, Germany) was used to identify the phase 

composition of the samples before and after LSM. The XRD patterns were 

acquired by the continuous XRD mod at a 2ɗ rate of 5Á per min and 

specimen spinning at 60 rpm. The copper anode with a curved graphite 

monochromator was set at 40 kV and 40 mA. 

 

3.5.3 Scanning electron microscopy (SEM) 

SEM can produce an image by acquiring and processing the signals from 

the interaction of a focused beam of electrons and the atoms in a sample. 

There are various imaging modes depending on which signal is captured, 
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and the two most frequently used signals are the secondary electron (SE) 

and backscattered electron (BSE). Generally, the SE signal provides the 

surface topography since SEs can only escape from the top surface of the 

sample due to their very low energy and limited mean free path in solid 

matter. BSEs are reflected from the sample by elastic scattering, and the 

intensity of the BSE signal is strongly dependent on the atomic number. 

Therefore, the contrast of BSE images can indicate the compositional 

distribution of the sample. However, the resolution of BSE images is less 

than SE images because BSEs are from deep locations. 

In this work, field-emission SEM (FESEM, Gemini Sigma 300, Zeiss, 

Germany) was used to characterise the samples. Unless specified, the 

SEM characterisation was performed at 20 kV in SE mode since the 

topography of the samples subjected to CE is very important in this study. 

In addition, the SE detector in this FESEM can also capture a limited 

portion of the BSE signal, allowing the SE image to provide compositional 

information when the surface of the sample is not very rough. 

 

3.5.4 Electron backscattered diffraction (EBSD) 

EBSD is a technique for microstructural-crystallographic characterisation 

based on SEM. In this work, the EBSE detector (eΆ FlashHD detector, 

Bruker, Germany) on the FESEM was used to check whether there is a 
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preferred crystal orientation in the LSM layer of the sample. Meanwhile, 

the grain size of the remelted layer was also acquired by processing the 

EBSD data. Unless specified, the EBSD characterisation in this thesis was 

performed at 20 kV and 0.5 ɛm/step. 

 

3.5.5 Transmission electron microscopy (TEM) 

TEM is a microscopy technique that also acquires and processes the 

signals from the interaction of the electrons and the atoms in a sample, 

but the beam of electrons is transmitted through the sample to form an 

image. TEM images have a significantly high resolution and can provide 

crystallographic data. In this work, the remelted layer of the LSM cold-

sprayed sample treated by a 400-W laser was characterised by TEM 

(Talos F200x, Thermo Fisher Scientific, USA) at 100 kV. 

 

3.5.6 Microhardness and nanoindentation tests 

Vickers microhardness test (Wilson VH3300, Buehler, Germany) was 

conducted on the polished cross-sections of the samples. An indentation 

load of 0.2 kgf with a dwell time of 10 s was applied to each test site. The 

test site was selected at ~60 ɛm beneath the top surface of the samples 

and the quarter-point of the melt pool, i.e., at the horizontal middle of the 

half melt pool (since the overlapping ratio was 50%), as demonstrated in 
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Fig. 3.3. The depth of the test site was at the middle of the remelted region 

for the LSM samples whose thickness of the remelted region was less 

than 120 ɛm, the horizontal space of each adjacent test site was at least 

200 ɛm for the as-sprayed and the as-sintered samples. There were 10 

sites indented for each sample to obtain the mean value, and the stand 

deviation was also calculated. 

 
Fig. 3.3 ï The indentation sites for the hardness and the 

nanoindentation tests  

Nanoindentation test (Nano Indenter G200, MTS, USA) was performed on 

the polished cross-section of the as-sprayed and the as-remelted cold-

sprayed samples. The selection of the test site was the same as that in 

the microhardness test, and there were 5 sites indented for each sample. 

A Berkovich diamond indenter was used, and the maximum displacement 

into the test site was 2 ɛm at a strain rate of 0.01 ɛm/s. The load-

displacement plot, indentation hardness (HIT), and indentation modulus 

(EIT) were calculated using the software in the test rig.  

 
















































































































































































































































































































































