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Abstract: A new kind of multi-dimensional WC−10Co4Cr coating which is composed of nano, submicron, micron WC grains and 

CoCr alloy, was developed by high velocity oxy-fuel (HVOF) spraying. Porosity, microhardness, fracture toughness and cavitation 

erosion resistance of the multi-dimensional coating were investigated in comparison with the bimodal and nanostructured 

WC−10Co4Cr coatings. Moreover, the cavitation erosion behavior and mechanism of the multi-dimensional coating were explored. 

Results show that HVOF sprayed multi-dimensional WC−10Co4Cr coating possesses low porosity (≤0.32%) and high fracture 

toughness without obvious nano WC decarburization during spraying. Furthermore, it is discovered that the multi-dimensional 

WC−10Co4Cr coating exhibits the best cavitation erosion resistance which is enhanced by approximately 28% and 34%, respectively, 

compared with the nanostructured and bimodal coatings in fresh water. The superior cavitation resistance of multi-dimensional 

WC−10Co4Cr coating may originate from the unique micro−nano structure and excellent properties, which can effectively obstruct 

the formation and propagation of cavitation erosion cracks. 
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1 Introduction 
 

Cavitation erosion is the predominant cause for 

overflow part failure and can be frequently observed in 

fluid machinery such as ship propellers, rudder blades, 

turbine impellers and various pumps. It has become the 

key technical problem which affects the safety of fluid 

equipment, reduces the efficiency and increases the 

production cost [1,2]. Up to date, surface engineering and 

coating techniques are the most effective protection 

methods because cavitation erosion occurs only on 

component surface [3]. Thermally sprayed WC based 

cermet coatings have shown excellent wear resistance on 

different industrial components, which has drawn much 

attention in the research of cavitation protection since the 

coatings demonstrate high hardness and high   

toughness [4]. In comparison with WC−Co coatings, 

WC−CoCr coating possesses more excellent corrosion 

resistance and higher coating strength, making it a 

promising solution to the cavitation erosion problem [5]. 

WC grain size is one of the most critical factors to 

influence the mechanical properties and wear 

performance of WC based cermet coatings [6,7]. It is 

suggested that WC based cermet coatings with a high 

volume fraction of ultrafine WC particles would exhibit 

high wear performance [8,9], leading to extensive studies 

of nano WC based coatings [10,11]. Although some 

researches showed that the hardness and toughness of 

nanostructured materials can be improved 

simultaneously [12,13], other researchers presented some 

controversial and much disputed results due to different 

coating fabrication processes and parameters [14,15]. 

Several researches also revealed the decrease in the 

fracture toughness of coating with decreasing WC size 

because of decarburization of nano WC owing to the 

formation of unwanted carbides such as W2C, complex 

Co−W−C and W, which can also lower other mechanical 

properties of nano WC based coatings [16−18]. In order 

to prevent the decarburization and reduce the high   

cost  of nano coatings, a bimodal WC based coating 

composed of nano and micron WC particles has been 
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proposed [19,20], which can achieve denser structure, 

more excellent abrasive wear resistance and anti- 

cavitation performance [21,22]. Nevertheless, it was 

found that decarburization still occurred to certain extend 

and the fracture toughness of coatings was below 

satisfaction [19]. Furthermore, the structures and 

properties of such coatings, e.g. hardness, fracture 

toughness and mechanism of cavitation erosion, have not 

been fully understood. 

WC based cermet coatings are mainly deposited by 

thermal spraying processes. Among these processes, 

HVOF spraying can result in less decarburization of WC 

phase due to the characteristics of high velocity and 

moderate temperature of flame during spraying, therefore 

HVOF process is an ideal method to prepare various 

structured WC−CoCr cermet coatings [22−25]. 

In this work, a new multi-dimensional WC− 

10Co4Cr cermet coating in which the carbides are 

composed of nano, submicron and micron WC grains 

was deposited by HVOF spraying. Reduction of nano 

sized WC decarburization, improvement of the hardness 

and toughness, and enhancement of the coating 

cavitation erosion are expected to be obtained by the 

multi-dimensional coating simultaneously. Analysis of 

the cavitation erosion behavior and the mechanism of the 

multi-dimensional coating were carried out. The results 

can provide important reference for WC−CoCr 

anti-cavitation coating design and application. 

 

2 Experimental 
 

2.1 Materials 

Multi-dimensional, bimodal and nanostructured 

WC−10Co4Cr cermet powders containing nano-sized 

WC were used as feedstock (marked as MP, BP and NP, 

respectively) in the present work, and were manufactured 

by an agglomeration-sintering method. In the multi- 

dimensional WC−10Co4Cr powder (T64T440, Ganzhou 

Achteck, China), the WC original crystal grains are 

composed of 20% nano WC (80−180 nm), 30% 

submicron WC (0.4−0.6 μm) and 50% micron WC  

(~2.5 μm) (volume fraction). The procedure of 

multi-dimensional powder fabrication involved ball 

milling of a mixture of different sized WC, Co, Cr3C2 

and some addictive, followed by spray drying and 

sintering. The multi-dimensional powder size is in the 

range of 20−53 μm, while the bimodal and 

nanostructured WC−10Co4Cr powder sizes are in the 

range of 15−45 μm. In the bimodal powder (T64D530, 

Ganzhou Achteck, China), the volume ratio of WC 

original crystal of micro-sized (~1.5 μm) to nano-sized 

(80−180 nm) WC particles is 7:3. In nanostructured 

WC−10Co4Cr powder (S7410, Inframat, USA), the WC 

original crystal size is 100−500 nm. Figure 1 illustrates 

the SEM micrographs of the multi-dimensional 

WC−10Co4Cr cermet powders. It can be observed that 

the powder is highly spherical (Fig. 1(a)). Meanwhile, 

nano, submicron, micron WC grains and some voids on 

the surface can be observed clearly at high magnification 

(Fig. 1(b)). 

 

 

Fig. 1 Micrographs of multi-dimensional WC−10Co4Cr 

powder at different magnifications 

 

2.2 Coating fabrication 

The multi-dimensional, bimodal and nanostructured 

WC−10Co4Cr coatings (marked as MC, BC and NC, 

respectively) were deposited with JP8000 HVOF system 

(Praxair, USA), using kerosene fuel and oxygen gas, and 

optimized parameters are listed in Table 1. 304 stainless 

steel was chosen as coating substrate material and 

counterpart material for evaluating the cavitation erosion 

resistance of various HVOF sprayed WC−10Co4Cr 

coatings. 

Prior to spraying, the surface of the substrate    

was degreased and grit blasted with 60 mesh Al2O3. The 

 

Table 1 Main spray parameters of WC−10Co4Cr coatings by 

HVOF spraying 

Coating 
Powder 

type 

Gun 

length/ 

mm 

Fuel 

flow 

rate/ 

(L∙h−1) 

Oxygen 

flow 

rate/ 

(m3∙h−1) 

Powder 

feed 

rate/ 

(g·min−1) 

Stand- 

off 

distance/ 

mm 

MC MP 152 22.7 55.2 75 380 

BC BP 152 22.7 56.6 75 380 

NC NP 152 22.7 56.6 75 380 
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thickness of the coatings was controlled in (420±20) μm. 

All the samples were ground and polished to an average 

surface roughness of Ra≤0.02 μm before coating 

characterization. 

 

2.3 Characterization 

The morphology and microstructures of the 

powders and the coatings were observed with 

VHX−2000 digital optical microscope (OM), and FEI 

Quanta 250 scanning election microscope (SEM). Phase 

identification for the powders and the coatings was 

carried out with a D/max−2550 X-ray diffractometer 

(XRD) using Cu Kα radiation of λ=0.154 nm. 

Microhardness measurement of the coatings was 

performed via HVS−1000 Vickers microhardness tester 

at the load of 3 N for a loading time of 15 s, and the 

microhardness was evaluated using the average value of 

random ten point tests on the cross section of coatings. 

The porosity was measured with metallographic photos 

by Axiovet 40 MAT metallographic microscope, 

followed by porosity calculation using IQ materials 

software (the value was the average value of six points). 

The fracture toughness Kc was calculated according to 

the Wilshaw equation [26] and the result was the average 

value of ten measurements. 

 

2.4 Cavitation erosion 

Cavitation erosion tests were performed on a 

J93025 ultrasonic cavitation vibratory apparatus 

according to standard GB/T 6383—2009. The schematic 

diagram of the cavitation erosion test apparatus is shown 

in Fig. 2 in which the specimen (d16 mm) was attached 

to the free end of the horn. The cavitation specimen was 

ground to the surface roughness Ra≤0.2 μm before 

cavitation erosion tests. The cavitation test parameters 

were set with frequency of 20 kHz and amplitude of   

40 µm. Fresh water at 25−28 °C was used as the test 
 

 

Fig. 2 Schematic diagram of cavitation erosion test apparatus 

liquid in 1000 mL beaker. The tip of the specimen was 

immersed into the water 3 mm deep. TG328 electronic 

balance with a sensitivity of 0.1 mg was used to weigh 

the mass loss of the samples. The tested samples were 

weighed at 15 min, 30 min and every hour during 12 h 

test. The volume loss (ΔV) is calculated by Δm/ρ, where 

Δm and ρ are mass loss (average value of three specimen 

tests) and material density, respectively, and cavitation 

rate (Rc) is calculated by volume loss per hour. For 

comparison, the austenitic stainless steel AISI 304 

samples were tested under the same test conditions. 

 

3 Results and discussion 
 

3.1 Microstructures of WC−10Co4Cr coatings 

The cross-sectional micrographs of the multi- 

dimensional WC−10Co4Cr coatings deposited by HVOF 

spraying are shown in Fig. 3. It can be observed from  

Fig. 3(a) that the microstructure of the multi-dimensional 

coating is dense, and the porosity value (0.31±0.09)% is 

less than bimodal one (0.47±0.15)%, as shown in Fig. 4, 

 

 

Fig. 3 Cross-sectional structures of multi-dimensional WC− 

10Co4Cr coating at different magnifications 
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Fig. 4 Porosity of various structured WC−10Co4Cr coatings 

 

which is attributed to the fact that the gap between 

submicron and micron WC particles is filled with 

dissolved nano WC and melted CoCr binding phase. 

Nanostructured coating demonstrates the lowest porosity 

of (0.26±0.05)% due to the best melting state obtained by 

the nano WC particles. 

From Figs. 3(b) and (c), nano, submicron, micron 

sized WC particles and CoCr alloy can be observed in 

the multi-dimensional WC−10Co4Cr coating and the 

microstructure is obviously different from the bimodal 

and nanostructured WC−10Co4Cr coatings deposited by 

HVOF spraying reported by HONG et al [5], THAKUR 

et al [24] and HU [25]. Different sized WC and CoCr 

alloy will gain various melting degree and kinetic energy 

during the spraying. Among them, as a result of the large 

specific surface area and high activity that nano-sized 

WC particles possess, a considerable portion of nano WC 

particles can be dissolved and CoCr alloy is also melted 

due to its low melting point, but the submicron and 

micron WC particles can only be melted or semi-melted. 

The particles containing dissolved nano WC and melted 

CoCr alloy could fill in molten or semi-molten 

submicron and micron WC particles, forming the 

micron−nano structure with the multi-dimensional WC 

particles. The multi-dimensional WC−10Co4Cr coating 

is expected to have high mechanical properties. 

 

3.2 Phase composition analysis 

Figure 5 represents the XRD patterns of the 

multi-dimensional, bimodal and nanostructured 

WC−10Co4Cr powders and coatings. The XRD patterns 

of bimodal and nanostructured WC−10Co4Cr powders 

show no difference, which are mainly composed of WC, 

Co and Co3W3C crystalline phases, as shown in Fig. 5(a). 

Co3W3C generates from insufficient carbon balance in 

certain area where the combination of Cr and C occurs 

during the sintering due to their high affinity. But the 

phase composition in the multi-dimensional powder is a 

little different which mainly consists of WC and Co 

phases. This is probably caused by the distinction in Cr 

element adding methods in the powder fabrication. 

 

 

Fig. 5 XRD patterns of WC−10Co4Cr powders (a) and 

coatings (b) 

 

In the XRD patterns of the bimodal and 

nanostructured coatings, Co3W3C phase disappears and a 

small amount of W2C can be observed, especially in the 

nanostructured coating which shows a sharp W2C peak 

(Fig. 5(b)). Since Co3W3C phase of the powders is 

unstable, when it is heated by flame during HVOF 

spraying, following chemical reaction would happen: 
 

Co3W3C→Co+W2C+W                        (1) 
 

Metallic W dissolves into molten Co−Cr binding 

phase, forming the amorphous Co−Cr−W phase after 

quick solidification. However, in the multi-dimensional 

WC−10Co4Cr coating, the carbides are mainly 

composed of WC without obvious decarburization. It is 

demonstrated that the decarburization degree of the 

multi-dimensional powder is the lowest during HVOF 

spraying among these three powders. 

 

3.3 Mechanical properties of WC−10Co4Cr coatings 

Mechanical properties of the multi-dimensional, 

bimodal and nanostructured WC−10Co4Cr coatings 

http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E5%8A%9B%E5%AD%A6%E6%80%A7%E8%83%BD
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E5%8A%9B%E5%AD%A6%E6%80%A7%E8%83%BD
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sprayed by HVOF process including microhardness and 

fracture toughness are given in Table 2. Among these 

three coatings, the bimodal coating possesses medium 

microhardness and fracture toughness. All three coatings 

have microhardness higher than HV0.3 1100. As the 

nanostructured WC−10Co4Cr coating contains a lot of 

nano-sized WC and some hard and brittle W2C forming 

during the coating deposition, the coating possesses the 

highest microhardness and the lowest fracture toughness. 

Meanwhile, the multi-dimensional coating obtains the 

highest fracture toughness of ~4.66 MPa·m1/2, 12% 

higher than that of nanostructured coating. This 

outstanding property can provide obstacles to the 

formation and propagation of cracks during cavitation 

erosion. 

 

Table 2 Mechanical properties of WC−10Co4Cr coatings 

Coating 
Microhardness 

(HV0.3) 

Fracture toughness/ 

(MPa·m1/2) 

MC 1126±64.3 4.66±0.33 

BC 1186±91.8 4.41±0.75 

NC 1241±86.0 4.16±0.49 

 

3.4 Cavitation erosion properties 

Figure 6 illustrates the cavitation erosion properties 

of three WC−10Co4Cr coatings and 304 stainless steel in 

fresh water. It can be discovered that the multi- 

dimensional, bimodal and nanostructured coatings all 

possess excellent cavitation erosion resistance compared 

with 304 stainless steel, and the cavitation volume loss of 

these three coatings only is 20%–30% that of 304 

stainless steel after 12 h cavitation. Among these three 

coatings, the multi-dimensional coating demonstrates the 

best cavitation resistance which is enhanced respectively 

by about 34% and 27% in comparison with bimodal and 

nanostructured coatings (Fig. 6(a)). 

It can also be observed from Fig. 6(b) that the 

cavitation rate curves of 304 stainless steel and three 

WC−CoCr coatings have obvious difference. The 

cavitation erosion of 304 stainless steel has an incubation 

period with low cavitation rate. After 3 h incubation, the 

cavitation erosion enters the developing period and the 

cavitation rate eventually reaches 0.87 mm3/h after 12 h 

cavitation test. On the contrary, the cavitation rates of 

three kinds of WC−CoCr coatings have a maximum 

value at the beginning of cavitation, there is no typical 

cavitation developing period and the cavitation erosion 

quickly enters a stable period after 1 h. The average of 

cavitation rate of the multi-dimensional, bimodal and 

nanostructured WC−10Co4Cr coatings are 0.115, 0.177 

and 0.168 mm3/h during 11 h stable cavitation. Not only 

does multi-dimensional WC−10Co4Cr coating possess 

the most excellent cavitation erosion resistance, but also 

it has the smallest cavitation rate fluctuations. 

 

 

Fig. 6 Volume loss (a) and cavitation rate (b) of WC−10Co4Cr 

coatings and 304 stainless steel in fresh water 
 

3.5 Cavitation erosion behavior and mechanism 

Figure 7 shows the surface morphologies of the 

multi-dimensional WC−10Co4Cr coating at the initial 

period of the test with different cavitation time (0,     

15 min, 30 min and 1 h) which present a typical 

cavitation developing process of WC−10Co4Cr coatings. 

The dark parts in the images are the zones in the coating 

eroded by cavitation erosion. In Fig. 7(a), a small amount 

of pores can be observed on the surface of the coating 

before the cavitation test after polishing. Some eroded 

zones in the coating have appeared after 15 min 

cavitation (Fig. 7(b)), and the eroded zones obviously 

expand as test time increases (Fig. 7(c)). After 1 h of 

ultrasonic cavitation test, some cavitation zones become 

connected and even develop vertically inside coating 

(Fig. 7(d)). The cavitation erosion developing processes 

of the bimodal and nanostructured WC−10Co4Cr 

coatings are similar to those of the multi-dimensional 

coating, but the developing rates of cavitation erosion are 

different [5,25]. 

Cavitation erosion is produced under the alternating 

stress caused by bubble generation and collapse during 

ultrasonication. In the initial stage of cavitation, the 

stress concentrates at the pores and defects of coating 

surface, leading to the plastic deformation of nearby 

material. Due to the difference of various crystal 
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structures between WC hard phase and CoCr binding 

phase, deformation is not coordinated at the interface, 

generating the local high-stress field. When the 

cumulative stress reaches the threshold, a cavitation 

source forms as microcracks and subsequently extends 

under repeated cycle of alternating stress, as shown in 

Fig. 7(b). The formation rate of the cavitation source of 

the WC−10Co4Cr coatings mainly depends on the 

coating porosity; therefore, the low porosity of the 

nanostructured coating significantly reduces the amount 

of the cavitation sources and the coating possesses the 

lowest cavitation rate in the initial stage of cavitation, as 

shown in Fig. 6(b). 

The cavitation source further develops under the 

stress caused by bubble collapse and the repeated 

impacts of micro jet, along some preferable angles inside 

the coating, leading directly to the interlamination 

detachment, the exfoliation of WC particles and the 

formation of large-scale cavitation erosion. Cross- 

sectional micrographs of the multi-dimensional 

WC−10Co4Cr coating after 12 h cavitation erosion can 

be seen in Fig. 8 which demonstrates a typical process of 

crack propagation and crater formation of WC−10Co4Cr 

coatings. It can be observed that the cavitation erosion 

cracks prefer to propagate in parallel to the coating 

surface (Fig. 8(a)). The coalescence of cracks is the main 

cause of material exfoliation and formation of craters. 

The craters develop further deeply into the coating   

(Fig. 8(b)). Although the propagation speed of cavitation 

cracks is influenced by many factors such as 

microstructure, microhardness and fracture toughness of 

the coating, it is mainly controlled by the fracture 

toughness. The multi-dimensional WC−10Co4Cr coating 

with the highest fracture toughness can effectively 

obstruct the extension of the cavitation cracks and 

enables its most excellent resistance to cavitation 

erosion. 

Figure 9 shows SEM images of multi-dimensional 

 

 

Fig. 7 Surface micrographs of multi-dimensional WC−10Co4Cr coating in different periods of cavitation erosion: (a) Before test;  

(b) 15 min; (c) 30 min; (d) 1 h 
 

 

Fig. 8 Cross-sectional SEM images of multi-dimensional WC−10Co4Cr coating after 12 h cavitation erosion 
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Fig. 9 Crater micrographs of WC−10Co4Cr coating with MC (a, b) and BC (c, d) after 12 h cavitation erosion 

 

and bimodal WC−10Co4Cr coating after 12 h cavitation 

erosion in fresh water, and various cavitation erosion 

craters can be observed on the eroded surface of the 

coatings. The multi-dimensional coating shows 

shallower craters (Figs. 9(a) and (b)) in comparison with 

the bimodal WC−10Co4Cr coating (Figs. 9(c) and (d)). 

It is understood from above tests and 

comprehensive analysis that the cavitation erosion 

performance of the multi-dimensional WC−10Co4Cr 

coating sprayed by HVOF process is influenced by 

several factors, such as the coating microstructure, 

microhardness and fracture toughness. Coating porosity 

and fracture toughness are especially critical, as the 

former determines the formation quantity and rate of 

cavitation source in the initial period of cavitation 

erosion, while the latter determines the propagation 

speed of cavitation crack. The low porosity of the 

multi-dimensional coating can significantly reduce the 

amount of cavitation sources and its high hardness and 

toughness can effectively obstruct the propagation of the 

cavitation cracks, which enables the coating to possess 

excellent cavitation erosion resistance. 

 

4 Conclusions 
 

1) In multi-dimensional WC−10Co4Cr coating 

deposited by HVOF spraying, carbides are mainly 

composed of WC with no obvious WC decarburization. 

2) Compared with the bimodal and nanostructured 

WC−10Co4Cr coatings, multi-dimensional WC− 

10Co4Cr coating exhibits the highest fracture toughness, 

which is 12% higher than that of the nanostructured one. 

3) Multi-dimensional WC−10Co4Cr coating 

possesses the most excellent cavitation erosion resistance 

which is enhanced respectively by about 34% and 27% 

in comparison with bimodal and nanostructured coatings 

in fresh water. 

4) Superior resistance cavitation erosion of HVOF 

sprayed multi-dimensional WC−10Co4Cr coating 

originates from its high fracture toughness, low porosity 

and high hardness, which can effectively hinder the 

formation and propagation of cavitation erosion cracks. 
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HVOF 喷涂制备的多尺度 WC−10Co4Cr 涂层的 

组织与空蚀行为 
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摘  要：采用超音速火焰(HVOF)喷涂制备了一种新型的由纳米、亚微米、微米 WC 颗粒和 CoCr 合金组成的多尺

度 WC−10Co4Cr 金属陶瓷涂层，对比了双峰和纳米结构 WC−10Co4Cr 涂层，在分析了涂层组织的基础上，研究

了多尺度涂层的孔隙率、显微硬度、开裂韧性和抗空蚀性能，并分析了多尺度 WC−10Co4Cr 涂层的空蚀行为和机

理。结果表明，HVOF 喷涂制备的多尺度 WC−10Co4Cr 涂层具有≤0.32%的孔隙率和高的开裂韧性，涂层中未发

现明显的纳米 WC 脱碳现象。与双峰与纳米结构涂层相比，多尺度 WC−10Co4Cr 涂层表现出最优异的抗空蚀性

能，在淡水中的抗空蚀性能分别比双峰涂层和纳米结构涂层提高了大约 28%和 34%。多尺度 WC−10Co4Cr 涂层

的优异抗空蚀性能归结于其独特的微纳米结构和优良的性能，能有效阻碍空蚀裂纹的形成和扩展。 

关键词：WC−10Co4Cr；空蚀；多尺度涂层；超音速火焰喷涂；显微组织 

 (Edited by Bing YANG) 
 

https://vpn.whut.edu.cn/,DanaInfo=ccc.calis.edu.cn+detail.php?op=read&cccjid=11042691400
https://vpn.whut.edu.cn/journal/,DanaInfo=link.springer.com+11661
https://xvpn.whut.edu.cn/kcms/detail/,DanaInfo=www.cnki.net+search.aspx?dbcode=CPFD&sfield=inst&skey=%e6%ad%a6%e6%b1%89%e7%90%86%e5%b7%a5%e5%a4%a7%e5%ad%a6%e6%9d%90%e6%96%99%e5%a4%8d%e5%90%88%e6%96%b0%e6%8a%80%e6%9c%af%e5%9b%bd%e5%ae%b6%e9%87%8d%e7%82%b9%e5%ae%9e%e9%aa%8c%e5%ae%a4&code=0065699;0229824;

