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Abstract:



Conventional, multimodal and nanostructured WC-12Co coatings with different WC sizes and distributions were prepared by high velocity oxy-fuel spray (HVOF). The micrographs and structures of the coatings were analyzed by scanning electron microscope (SEM), X-ray diffractometer (XRD) et al. The porosity, microhardness and fracture toughness of the WC-Co coatings were measured. The coating resistance to cavitation erosion (CE) was investigated by ultrasonic vibration cavitation equipment and the cavitation mechanisms were explored. Results show that there is serious WC decarburization in nanostructured and multimodal WC-Co coatings with the formation of W2C and W phases. The nanostructured WC-Co coating has the densest microstructure with lowest porosity compared to the other two WC-Co coatings, as well as the highest fracture toughness among the three coatings. It was also discovered that the nanostructured WC-Co coating exhibits the best CE resistance and that the CE rate is approximately one-third in comparison with conventional coating.
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1. Introduction


Cavitation erosion (CE) widely exists in the components of fluid equipment, such as marine rudder blades, propellers, and turbine impellers. CE is the predominant cause for overflow part failure and has become one of the most significant technical problems of fluid machinery due to the serious threats to the safety of the machinery, leading to the reduction of the efficiency and the increase of the production cost [1,2,3]. Therefore, it is of great economic value to improve the CE resistance of the overcurrent components. Since cavitation occurs only in the components’ surface, the CE resistance can be improved by surface engineering techniques. Nowadays, various surface engineering techniques, including thermal spraying, laser cladding, physical vapor deposition, chemical vapor deposition, hardening and plasma nitriding, have been developed to enhance the CE resistance of component surfaces. Among them, thermal spraying methods, such as detonation gun, plasma spraying, high velocity oxy-fuel spraying and cold spraying, have already been commercially applied to various machinery components [4,5,6,7]. Thermally sprayed WC-Co coatings have attracted much attention in the study of CE resistant coating materials in recent years due to their combination of excellent toughness and high hardness, which is necessary to CE resistance. WC particles and Co binders provide WC-Co coatings with high hardness and excellent toughness, respectively. WC-Co coatings, especially with nano-sized WC particles, have already been successfully utilized in some wear-resistant equipment [8,9].



The mechanical properties and wear performance of WC-Co coatings are largely dependent on WC grain size [10,11]. Recently, simultaneous improvement of the toughness and hardness of nanostructured WC-Co coatings were successfully demonstrated by a number of studies [12,13,14,15]. However, the issue of how exactly nano WC affect the wear performance has been a controversial and disputed subject due to various coating fabrication methods and parameters [16,17]. Several researchers have also discovered that the fracture toughness of WC-Co coatings decreases as the WC particle size decreases because of the decarburization of nano WC and the formation of amorphous carbides such as W2C, complex Co-W-C, and metallic W, which can lower the toughness of nanostructured WC-Co coatings [18,19,20]. The multimodal WC-Co coating composed of nano and micro WC particles, on the other hand, presents lower decarburization and total cost as compared to the nano WC-Co coatings [21,22,23]. Compared with the conventional WC-Co coatings, multimodal WC coatings offer a denser structure, higher abrasive wear resistance and anti-cavitation performance [24,25,26]. For example, by comparing the microstructure and surface properties of conventional and nano WC-Co coatings, Zhao et al. [27] concluded lower porosity, higher microhardness and fracture toughness could result from the nano coatings. The microstructure and CE resistance of other multimodal coatings, such as WC-17Co and WC-10Co4Cr have been further investigated by a number of groups [28,29]. However, the relationship of structures, mechanical properties, CE resistance and mechanisms of WC-Co coatings with different WC size have not been studied in details and fully understood.



The coating deposition method is another critical factor influencing the structures and properties of WC-Co cermet coatings. To date, WC-Co coatings are most commonly prepared by HVOF technique because HVOF flame possesses the characteristics of moderate temperature (~2700 °C) and high velocity (600–1200 m/s), which can reduce the decarburization of WC during coating deposition. Therefore, HVOF is thought to be a proper process to deposit WC-Co coatings with nano sized WC particles [30,31].



In the present paper, conventional, multimodal and nanostructured WC-12Co cermet coatings were prepared by HVOF spraying. The structures, mechanical properties and CE performance of the three types of WC-12Co coatings were thoroughly investigated. The CE mechanisms of the coatings were proposed in terms of the formation and propagation of microcracks. These results can provide valuable references for WC-Co anti-cavitation coating design and application.




2. Experimental Procedure


2.1. Coating Materials


Nanostructured, conventional and multimodal WC-12Co (88 wt % WC-12 wt % Co) powders were chosen as feedstock in this study and they were marked as NP, CP, and MP, respectively. Both nanostructured WC-12Co powder (S7410, Inframat Advanced Materials LLC, Farmington, CT, USA) and multimodal powder (M1, NEI, Somerset, NJ, USA) were produced by an agglomeration process. The original WC grain size of NP is 50–500 nm, while the volume ratio of micro-sized WC grain (2–3 μm) and nano-sized WC grain (30–50 nm) in MP is 7:3. The size of obtained spraying powder is controlled in the range of 10–45 μm and the mean particle size is 23 μm after agglomeration. On the other hand, the conventional WC-12Co powder (PR4321, Jiorie Thermal Spray Materials Co., Yiyang, China), with a size also between 10 and 45 μm, was fabricated by sintering and crushing process, and the original WC grain size was 2–3 μm.




2.2. Coating Fabrication


The conventional, multimodal and nanostructured WC-12Co coatings were fabricated by a HVOF system (JP5000, Praxair, Inc., Indianapolis, IN, USA) and they were marked as CC, MC and NC, respectively. In the spray system, kerosene and oxygen were used as fuel and oxidant gas. The optimized main spray parameters are shown in Table 1. Due to the variations in particle velocities and temperature characteristics during HVOF spraying for various sized WC-Co materials, deposition parameters are different for three WC-12Co powders. AISI 304 austenitic stainless steel was chosen as the substrate of coating specimens and as the reference material for comparing the CE resistance of HVOF-sprayed various sized WC-12Co coatings.


Table 1. Main spray parameters of WC-12Co coatings by high velocity oxy-fuel spray (HVOF). NP: nanostructured powder; MP: multimodal powder; CP: conventional powder; NC: nanostructured coating; MC: multimodal coating; CC: conventional coating.





	Powder No.
	Coating No.
	Fuel Flow (m3/h)
	Oxygen Flow (m3/h)
	Powder Feed Rate (g/min)
	Spray Distance (mm)
	Horizontal Velocity (mm/s)
	Vertical Step (mm)





	NP
	NC
	0.019
	53.2
	75
	370
	500
	5



	MP
	MC
	0.019
	53.2
	75
	370
	500
	5



	CP
	CC
	0.0204
	61.3
	75
	380
	500
	5









Prior to deposition, the substrates’ surface was degreased and grit-blasted with 60 mesh Al2O3. The coating thickness was in the range of 400 ± 20 μm. All the specimens were machined and polished to surface roughness Ra ≤ 0.02 μm for coating characterization.




2.3. Characterization


An X-ray diffraction system (XRD, D/max-2550 diffraction meter, Rigaku Corporation, Tokyo, Japan) was used for phase identification of the WC-12Co powders and the coatings. The operation of the Cu Kα radiation source was under a voltage of 45 kV and a current of 40 mA. JSM6700F scanning electron microscope (SEM) was carried out to observe the surface morphology and microstructure of the samples. The microhardness of the coatings was measured by a Vickers microhardness tester (Model HV-71, Aolong Xingdi Testing Equipment Co., Shanghai, China). The final value was determined by the average of random ten test points at a loading weight of 200 g and a dwell time of 15 s. The porosity was evaluated by two steps. 500× metallographic photos were first captured by Leitz MM6 metallographic microscope (Leica, Wetzlar, Germany), followed by applying IQ materials software (version 2.0) to calculate porosity. According to [32], fracture toughness can be measured on the transverse section of the coating with a Vickers indenter (HV-5 Vickers hardness tester, 5 kg). Cracks parallel to the substrate surface such as those drawn in Figure 1 would appear on the coating’s cross-section. The fracture toughness Kc was calculated according to the Wilshaw Equation (1) and the result was the average value of ten measurements, where P, a and c are the load of hardness meter, half the length of indentation diagonal and half the length of the crack, respectively.


[image: ]



(1)






Figure 1. Diagram of coating fracture toughness measurement.



[image: Coatings 08 00307 g001]







2.4. Cavitation Erosion Tests


A J93025 ultrasonic cavitation vibratory equipment was used to evaluate the cavitation erosion of various WC-12Co coatings. The apparatus was set up according to standard GB/T6383-2009 [33], and the schematic diagram is shown in Figure 2. The specimen was machined to the surface roughness Ra ≤ 0.2 μm before CE tests and then attached to the end of the vibration probe. The samples were weighed every hour by AB204-S electronic balance (Mettler-Toledo GmbH, Greifensee, Switzerland) with the accuracy of 0.1 mg to determine the mass losses during the whole 16-h-test. The volume loss (ΔV) is calculated by mass loss (ΔW) divided by the material density, while the cavitation rate (Rc) is calculated by volume loss per hour. In addition, the CE tests of the austenitic stainless steel AISI 304 samples were performed under the same test conditions for comparison.


Figure 2. Schematic diagram of cavitation erosion (CE) test apparatus.
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3. Results and Discussion


3.1. Microstructure of WC-12Co Powders and Coatings


The surface micrographs of three WC-12Co powders are present in Figure 3. NP and MP demonstrate spherical shape, but CP shape shows more corners and edges. From CP to MP and NP powder, the WC grains decrease in size meanwhile distribute more evenly. In NP powder, the original crystal WC size is less than 100 nm. The largest grains in CP powder reach 2–3 μm, but a small amount of WC particles remain with a sub-micron size.


Figure 3. SEM micrographs of (a,b) nanostructured (NP), (c,d) multimodal (MP), (e,f) conventional (CP) WC-12Co powders.
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The surface morphology of three WC-12Co coatings sprayed by HVOF with different WC sizes are shown in Figure 4. Polygon-shaped, unmolten WC grains can be observed in the CC coating. This suggests that HVOF flame only melts the Co binder, while WC is still in a solid state. In NC and MC coatings, most nano-WC grains are dissolved by heating due to their finer size and higher surface to volume ratio. Among the three WC-Co coatings, NC shows the best melting condition. Thus, the coating microstructures are strongly dependent on the powder structures.


Figure 4. Surface micrographs of different structured WC-12Co coatings: (a) CC; (b) NC; (c) MC.
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Figure 5 presents the XRD patterns of WC-12Co powders and coatings deposited by HVOF with different WC sizes. The XRD patterns of NP, MP and CP powders show no differences, consisting of pure WC and Co, as shown in the CP pattern. The CC coating has almost identical phase compositions to CP powder, which are mainly composed of WC and Co. For MC and NC coatings, the coatings consist of WC, W2C, and W crystalline phases; the latter two are generated by the decarburization of nano WC. Also, it is demonstrated that an amorphous nanocrystalline zone exists between 35° and 48° at 2θ angles in MC and NC coatings. Although both MP and NP powders suffer typical decarburization during coating deposition, the nanostructured WC-12Co powder had a more serious decarburization rate as more metallic W can be observed in Figure 5. It can be concluded that the decreased size of WC grains is the cause for more serious decarburization, because the larger surface contact area with the flame will give the particles more heat to reach higher temperatures. Figure 6 shows cross-sectional microstructures of three WC-12Co coatings. It can be observed in Figure 6f that the amount of carbides in the NC coating decreased considerably, and more metal phases appeared, which is consistent with the above XRD results.


Figure 5. XRD patterns of differently structured WC-12Co powders and coatings.
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Figure 6. Cross-sectional micrographs of different structured WC-12Co coatings: (a,b) CC; (c,d) MC; (e,f) NC.
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It can also be observed in Figure 6a,c,e that the microstructures of the three WC-Co coatings are dense and the interlamellar cohesion is strong. The microstructure of NC is densest in comparison with CC and MC coatings. The porosity of CC, MC and NC coatings sprayed by HVOF is shown in Figure 7. It can be seen that NC coating possesses the lowest porosity (0.63% ± 0.11%), at only 36% compared with CC coating (1.76% ± 0.27%). MC coating shows a moderate porosity (1.18 ± 0.21). This indicates that the nanostructured WC-12Co particles possessed more enthalpy and better melting condition before reaching the substrate, given rise to sufficient deformation and growth of denser structure coating.


Figure 7. Porosity of different structured WC-12Co coatings.
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3.2. Mechanical Properties of WC-12Co Coatings


The mechanical properties, including the fracture toughness and microhardness of three different structured WC-Co coatings, are shown in Table 2. The micrographs of fracture toughness indentation of the coatings are presented in Figure 8. It can be seen from Table 2 that the microhardness values of NC and MC coatings are obviously higher than CC coating, as the nano WC particle size decreases and nano WC content increases. The average microhardness values of NC and MC coatings exceed 1500 HV0.2 and are 50% higher than the CC coating. It is also observed that the microhardness values of the MC coating change in a larger range than NC coating, although the average microhardness values of NC and MC coatings are almost the same, because WC grain size in MC coating is more disparate, which would influence the coating microhardness variation. Meanwhile, Table 2 demonstrates that the fracture toughness of NC and MC coatings are higher than that of the CC coating, and the highest value is obtained by NC coating. This may be caused by the W2C and W phase generated during spraying process, in which nano-sized W2C particles enhance the coating hardness and metallic W phase improves the coating toughness.


Figure 8. Micrographs of fracture toughness indentation of WC-12Co coatings: (a) NC; (b) MC; (c) CC.
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Table 2. Mechanical properties of different structured WC-12Co coatings.





	Coating No.
	Microhardness (HV0.2)
	Fracture Toughness (MPa·m1/2)





	CC
	1034 ± 77.5
	3.76 ± 0.38



	MC
	1523 ± 157.0
	4.19 ± 0.65



	NC
	1541 ± 80.0
	4.88 ± 0.47










3.3. Cavitation Erosion Resistance


The cumulative volume loss curves of 304 stainless steel and three differently structured WC-12Co coatings sprayed by HVOF in fresh water are illustrated in Figure 9. It can be discovered that three WC-Co coatings all possess superior CE resistance than 304 stainless steel after 16 h cavitation, and NC coating displays the best CE resistance increasing more than 60% and 45% more, respectively, than CC and MC coatings.


Figure 9. Volume loss curves of WC-12Co coatings.
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CE rates of 304 stainless steel and three WC-12Co coatings are shown in Figure 10. It can be demonstrated that, in the steady period, the CE rate of CC coating is approximately 1.0 mm3/h, while that of NC coating is 0.3 mm3/h; only 30% of the former. Meanwhile, the CE rate of the MC coating ranks in the middle, at about 70% of the CC coating. It is also seen that in the last testing period (12–16 h), the CE rate of the NC coating displays the tendency to decline compared with the CC coating. From the CE results of Figure 9 and Figure 10, it can be revealed that NC coating with a nano WC size possesses the best CE resistance, while MC coating exhibits moderate CE performance among the three WC-Co coatings.


Figure 10. Cavitation rates of WC-12Co coatings.
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3.4. Cavitation Erosion Mechanisms


SEM images of the eroded surfaces of three differently structured WC-12Co coatings after 16 h of CE testing are demonstrated in Figure 11. Due to different CE mechanisms, various eroded surface micrographs can be observed from different WC-Co coatings. For the CC coating, microcracks initially originate at the weak points on the surface, such as defects, because of the stress concentration under strong alternative stress from the bubble collapsing. The cracks then propagate along the direction of the microjet at the grain boundary, leading to the breakage of brittle phases at the grain boundary and the formation of a cavitation source. In this case, grain can be easily stripped, forming a crater on the coating surface. The growth of craters can further lead coarse WC particles to be removed and lamellar structures to delaminate (Figure 11a).


Figure 11. Crater micrographs of WC-12Co coatings after 16 h CE: (a) CC; (b) MC; (c) NC.
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NC and MC coatings possess a finer and denser microstructure compared to the CC coating since they are composed of nano and sub-micro particles with a sufficient deformation, which diminish the lamellar structure to a certain extent and enhance the cohesive strength between particles. The large area of the particle interface and uniformly distributed grains create a large amount of nanosized grain boundaries, leading to the increase of the coatings’ cohesive strength of the grain boundary. Meanwhile, fine particles with superior microhardness such as W2C can increase the coatings’ microhardness. Moreover, the certain amount of W phase with high toughness raises the coatings’ fracture toughness. Thus, NC and MC coatings exhibit better CE resistance because the generation and propagation of microcracks are both hindered and only shallow eroded pits can form, as shown in Figure 11b,c. The best CE resistance is realized by the nanostructured WC-12Co coating, which has the highest microhardness and fracture toughness due to the coexistence of nano-sized WC and W2C particles and tough Co and W metals.





4. Conclusions


	
WC decarburization occurs during HVOF spraying nanostructured and multimodal WC-12Co powders by forming W2C and W phases, while no apparent decarburization can be observed using conventional WC-12Co powder. Nanostructured WC-12Co coating suffers the most serious decarburization but possesses the lowest porosity.



	
Average microhardness values of nanostructured and multimodal WC-12Co coatings exceed 1500 HV0.2, which is 50% higher than the conventional coating. Both coatings also show higher fracture toughness, especially the nanostructured coating.



	
Nanostructured and multimodal WC-12Co coatings exhibit the best and intermediate CE resistance, respectively, and the CE rate of nanostructured coating is only approximately one third of that of conventional coating.



	
The enhanced CE resistance of the nanostructured WC-12Co coating originates from its superb fracture toughness and microhardness, which makes the microcracks form and propagate with more difficulty. Meanwhile, the coatings dense nanostructure and strong cohesive strength are also factors for the excellent cavitation erosion performance.
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