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Abstract:



NiCrMoY alloy powders were prepared using inert gas atomization by incorporation of rare earth elements, such as Mo, Nb, and Y into Ni60A powders, the coatings were sprayed by oxy-acetylene flame spray and then remelted with high-frequency induction. The morphologies, hollow particle ratio, particle-size distribution, apparent density, flowability, and the oxygen content of the NiCrMoY alloy powders were investigated, and the microstructure and hardness of the coatings were evaluated by optical microscopy (OM). Due to incorporation of the rare earth elements of Mo, Nb, or Y, the majority of the NiCrMoY alloy particles are near-spherical, the minority of which have small satellites, the surface of the particles is smoother and hollow particles are fewer, the particles exhibit larger apparent density and lower flowability than those of particles without incorporation, i.e., Ni60A powders, and particle-size distribution exhibits a single peak and fits normal distribution. The microstructure of the NiCrMoY alloy coatings exhibits finer structure and Rockwell hardness HRC of 60–63 in which the bulk- and needle-like hard phases are formed.
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1. Introduction


Due to excellent weldability properties, surface stability, corrosion resistance, and mechanical properties at high temperature, nickel-based superalloys are widely used for gasturbine components and other applications, such as the base materials for hot components, e.g., hot parts of aerospace turbine engines [1]. Nickel-based coatings can function either as overlay coatings or asbond coats in a thermal barrier coating system. They are usually applied using thermal spraying processes, such as low-pressure plasma spraying (LPPS), high velocity oxygen fuel spraying (HVOF), vacuum plasmas praying (VPS) and atmospheric plasma spraying (APS) [2]. All types of spraying processes use powder as feedstock, which typically results in a characteristic splat-structure [3].



Incorporation of rare earth (RE) elements into alloys may improve their high-temperature oxidation resistance or other mechanical properties. Chromium and aluminum are added to promote resistance to oxidation and hot corrosion. Incorporation of minor amounts of rare earth elements, such as Ce, Y, Zr, La, or their oxides enhance the bonding strength of the oxide layer [4] and improve the high-temperature oxidation resistance of alumina- and chromia-forming alloys [5]. Stringer [6] suggested the enhancement of oxide nucleation processes through the presence of rare earth elements. Antill and Peakall [7] reported that the beneficial effect of the rare earth elements was primarily to improve scale plasticity for accommodating stresses due to the difference in the thermal expansion coefficients between the alloy and the oxide scale. Tien and Pettit [8] concluded that the application of rare earth elements provide sites for vacancy condensation in an Fe–25Cr–4Al alloy, with consequent improvement of scale adhesion. It was reported that the rare earth elements, such as La, Y, Ce, and their oxides, can be used for reducing the oxidation rate and improving corrosion resistance of the superalloys [9]. It was also found that high-density, fine, and uniform structure is formed in coatings deposited by Ni-based alloy powders with the addition of rare earth elements so as to improve the wear and corrosion resistance of Ni-based alloys [10]. Recently He [11] reported the microstructure and hot corrosion resistance of Co–Si-modified aluminide coating on nickel-based superalloys, and interdiffusion between a polycrystalline nickel-based superalloy (René 80) and two MCrAlY bondcoats, each with a different chemical composition, is demonstrated in [12].



Ni-based self-fluxing alloy powder Ni60A is one of the most important protective coating materials owing to excellent high-temperature corrosion resistance, and the coating sprayed by Ni60A powders with the incorporation rare earth elements, such as W and Mo, has better wear resistance [13]. It is well known that the properties of the powders influence characteristics of sprayed coatings extensively [14,15,16]. For example, both oxygen content and flowability of powders may induce porosity, impurities, or cracks in the coatings [17].



In this work, NiCrMoY alloy powders were prepared by using inert gas atomization with incorporation of rare earth elements, such as Mo, Nb, and Y into Ni60A powders, the coatings were sprayed by oxy-acetylene flame spray and then remelted with high-frequency induction. The morphologies, hollow particle ratio, particle-size distribution, apparent density, flowability, and oxygen content of NiCrMoY alloy powders were investigated, and the microstructure and hardness of the NiCrMoY-sprayed coatings are presented. The research results show that the properties of NiCrMoY alloy powders are improved due to the incorporation of rare earth elements, and the microstructure of NiCrMoY alloy coatings exhibit fine structure and Rockwell hardness HRC of 60–63.




2. Experimental Procedure


2.1. Preparation and Property Test of Powders


The Ni60A and NiCrMoY alloy powders were prepared by double-stage coupling fast freezing and low-pressure gas atomizing with an atomizing gas pressure of 5–10 MPa, the melt overheating temperature is 100–150 °C, and the particles had a near spherical morphology with internal pores and a size of 40–110 µm. The chemical compositions of the Ni60A alloy and NiCrMoY alloy powders are shown in Table 1 which was measured at the Testing Center of the Shanghai Research Institute of Materials according to ASTM E1019-11 [18], ASTM E2594-09(2014) [19], ASTM E354-14 [20], and ISO4938:1988 [21].



Table 1. Chemical compositions of the NiCrMoY and Ni60A alloy powders (wt %).







	
Alloy

	
Chemical Compositions




	
C

	
B

	
Si

	
Cr

	
Fe

	
Mo

	
Cu

	
Nb

	
Y

	
Ni






	
Ni60A

	
0.98

	
2.91

	
3.96

	
16.4

	
3.2

	
–

	
–

	
–

	
–

	
Bal.




	
NiCrMoY

	
1.0

	
2.85

	
4.0

	
16.5

	
3.0

	
2.5

	
1.5

	
0.5

	
0.15

	
Bal.










The epoxy resin and the ethidenediamine were mixed proportionally with the Ni60A and NiCrMoY alloy powders, respectively, and then polished a cross-section to test the porosity of the powder after the epoxy resin solidified. The morphologies of powders were examined by a Reicher-Jung (Leica MeF3) optical microscope (OM) (Leica Microsystems, Wetzlar, Germany). A Mastersizer 2000 laser diffraction particle size analyzer (Malvern Instruments Ltd., Malvern, UK) was performed to analyze particle-size distribution. The apparent density and flowability of two kinds of powders were carried out with a FL4-1-type Hall flowmeter (Baishan Jiujiu Instruments Ltd., Baishan, Jilin, China). The oxygen content was measured with aTCH600 hydrogen-nitrogen-oxygen analyzer (LECO Corporation, St. Joseph, MI, USA).




2.2. Preparation and Property Test of Coatings


The Ni60A and NiCrMoY alloy powders were sprayed onto a degreased and grit-blasted mild 45# steel rod substrate of Φ 50 mm × 200 mm in size, to a thickness of 1.8 mm by oxy-acetylene flame spray and high-frequency induction remelting. The substrate was preheated and acetylene was used as the fuel gas. The spraying parameters are presented in Table 2. After being sprayed and cooled, the samples were cut with a size of 10 mm × 10 mm × 1.5 mm, and then polished using 400–1200# SiC waterproof abrasive paper, cleaned in alcohol, and corroded for 5–6 s in aqua regia.



Table 2. Oxy-acetylene flame spraying parameters.







	
Parameters

	
Gas




	
O2

	
C2H2






	
Pressure (MPa)

	
1.2

	
0.1




	
Flow rate (m3/h)

	
1.6–1.8

	
1.2–1.5




	
Spray rate (kg/h)

	
7.0




	
Spray distance (mm)

	
150–200




	
Thickness (mm)

	
250




	
Remelting voltage (V)

	
550




	
Remelting current (A)

	
280










An optical microscope (OM) was used to characterize the microstructure of the Ni60A and NiCrMoY alloy sprayed coatings. The hardness of the sprayed coatings was evaluated with aHRMS-45 digital Rockwell hardness tester.





3. Results and Discussion


3.1. Properties of Powders


The morphologies of the NiCrMoY alloy powders and the Ni60A alloy powders are shown in Figure 1a,b, respectively. It can be seen that the NiCrMoY powders and Ni60A powders are near-spherical, but the sphericity of the NiCrMoY powders is better than that of the Ni60A powders, and a small number of the NiCrMoY powders have small satellites, while the Ni60A powders have more joint structures.


Figure 1. Morphologies of (a) the NiCrMoY Powders and (b) the Ni60A Powders.
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It is well know that morphology of powders depends on the surface tension of alloy melt, cooling speed, and shrinkage time. Better sphericity and the smoother surface of the powders are formed owing to the increasing surface tension, slow cooling speed, and long shrinkage time [22]. Due to incorporation of high melting point alloy elements, such as Mo and Nb, into the NiCrMoY powders, the melting point of NiCrMoY powders increases and particle surface tension becomes larger than the powders without addition, i.e., Ni60A alloy powders. Meanwhile the addition of Cu and rare earth Y makes the grains’ surface smooth, improves the malleability [23], and there is enough time and energy to form a better spherical shape and smoother surface for the NiCrMoY alloy grains (as shown in Figure 1a) during the formation process of the powders by double-stage coupling fast freezing and low-pressure gas atomizing.



When the particles come out of the nozzle and are atomized by low-pressure gas atomization, the large particles get cooled slowly and have a higher temperature than the small ones, thus, small particles adhere to the surface of the large ones to form joint structure and satellite. Moreover the Ni60A powders easily adhere to the small particles because of its low melting point, so that Ni60A alloy powders have a poor rate of sphere formation and have satellites, as shown in Figure 1b.



The porosity of the powders can be expressed by the hollow particle ratio of the particles to the ones without porosity in terms of unit area of the cross-section of the powder sample. Figure 2a,b show the cross-section of NiCrMoY alloy powders and Ni60A alloy powders, respectively, but the samples in Figure 2 were gradually ground and polished without corrosion. It can be seen that the hollow particle ratio of NiCrMoY alloy powders is 6.5%, which is lower than 12.5% forNi60A alloy powders. This is because the rare earth elements interact with oxygen in the alloy melt to form tiny and dispersive rare earth compounds, and Y enhances the non-oxidizability and malleability of the alloy.


Figure 2. Cross-section of (a) NiCrMoY powders and (b) Ni60A powders.



[image: Coatings 07 00030 g002]






Although deoxidization and degasification are carried out in the melting process, there is still small amounts of air existing in the alloy melt, and the temperature and pressure of the atomizing gas (nitrogen) in the atomization barrel increases rapidly during the atomization process, so the cooling velocity of alloy droplets slows so that more gas comes out from the alloy liquids. Meanwhile, due to the stirring induced by the high-pressure, some alloy powders contain nitrogen in the particle-forming process to form porosity in the particles [24]. However, the hollow particles are easy to burst and form pinholes in the coating layer when spraying. This is an important factor which influences the quality of the coatings, so the hollow particle ratio should be reduced as much as possible.



The particle-size distribution of the NiCrMoY and Ni60A alloy powders are carried out for an appropriate dispersing agent and the dispersion time is shown in Figure 3a,b, respectively. It can be seen from Figure 3a that the particle-size distribution of the NiCrMoY alloy powders shows a single peak and fits a normal distribution, and most of particle sizes are in the 38.59–118.15 µm range, and the median particle diameter d is 68.3 µm. Figure 3b shows the particle-size distribution of the Ni60A powders, which is bimodal, dispersive, and has a larger median particle diameter.


Figure 3. Particle size distribution of (a) NiCrMoY powders and (b) Ni60A powders.
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The NiCrMoY alloy powder has a higher melting point and increasing surface tension due to the addition of the high melting-point alloy, such as Mo or Nb; thus, it requires more energy during gas atomization and the powder size increases compared to those without addition under the same atomizing parameters. However, because the Ni60A alloy powders have many joint structures and satellites, the particle size distribution of Ni60A powders is bimodal and dispersive, as shown in Figure 3b.



Figure 4 shows the apparent density and flowability of the NiCrMoY alloy powders and the Ni60A alloy powders. The apparent density and flowability of the NiCrMoY powders are 4.300 g/cm3 and 14.07 s/50 g, respectively, while those of the Ni60A powders are 4.031 g/cm3 and 15.05 s/50 g. Thus, it can be seen that the apparent density and flowability of the NiCrMoY alloy powders are better than those of Ni60A alloy powders.


Figure 4. The apparent density and flowability of the powders.
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The apparent density and flowability of powders depend on particle-size distribution, morphology, hollow particle ratio, and so on. The flowability of powders increases with better sphericity, and the apparent density of powders increases with the decreasing hollow particle ratio; high apparent density induces particle-size distribution dispersion in spite of large or small powders. This is in good agreement with the particle-size distribution, morphology, and the hollow particle ratio of the two kinds of powders mentioned above.



Figure 5 reveals the oxygen content of the NiCrMoY alloy powders and the Ni60A alloy powders, respectively. The oxygen content of the NiCrMoY alloy powders is 0.042%, lower than that of the 0.072% of the Ni60A powders. This is because rare earth Y improves the non-oxidizability of the alloy powders. The oxygen content of powders has a noticeable effect on the property of the sprayed coatings, and induces defects in coatings, so it should be reduced as much as possible.


Figure 5. The oxygen content of the powders.
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3.2. Properties of Coatings


The microstructure of coatings of the NiCrMoY alloy powders and the Ni60A alloy powders are shown in Figure 6a,b, respectively. As shown in Figure 6a, boride and carbide structures are distributed in the austenitic matrix of the Ni60A alloy coating. Not only boride and carbide structures be seen from Figure 6b, but also many needle-like hard phases that are uniformly distributed in the austenitic matrix of the NiCrMoY alloy coating. This is because Mo is a kind of refractory metal with large atomic radius, which can induce noticeable distortion in the crystal lattice of the nickel solid solution. It is reported that carbide is formed uniformly due to the incorporation of the rare earth elements so as to improve the mechanical property of the alloy, especially its shock property [25,26].


Figure 6. Microstructure of (a) the Ni60A coating and (b) the NiCrMoY coating.
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The test results of hardness of the Ni60A coating and the NiCrMoY alloy coating are shown in Table 3. It can be seen that the hardness of the NiCrMoY alloy coating is higher. This is because the addition of the Mo element of the NiCrMoY coating causes grain refinement, increased toughness, decreased crack sensitivity, and enhanced high-temperature hardness and wear resistance. The addition of Nb strongly forms carbide and effectively refines grains. Thus, the appropriate incorporation of rare earth elements refines alloy structures, eliminates impurities, and forms the hard phases, such as carbide and boride, to prevent other new hard phases from forming. This causes the block- and needle-like hard phases to be uniformly distributed in alloy coatings, which increases the hardness of the alloy coatings



Table 3. Hardness of the Ni60A coating and NiCrMoY coating.







	
Coatings

	
HRC




	
1

	
2

	
3

	
4

	
5

	
Average






	
Ni60A

	
60.5

	
60.5

	
61.0

	
60.0

	
60.5

	
60.5




	
NiCrMoY

	
62.0

	
62.5

	
63.0

	
62.5

	
63.0

	
62.6












4. Conclusions



	
Due to the incorporation of the rare earth elements Mo, Nb, or Y, the majority of the NiCrMoY alloy particles exhibit better sphericity, smoother surface, fewer joint structures, larger apparent density, and lower flowability than those of particles without incorporation.



	
The particle-size distribution of NiCrMoY alloy powders shows a single peak and fits a normal distribution with a median particle diameter of 68.3 µm, an apparent density of 4.300 g/cm3, and a flowability of 14.07 s.



	
The microstructure of the NiCrMoY alloy coatings exhibits a finer structure and better hardness by the incorporation of appropriate amounts of Mo and Nb, and small amount of Y elements.
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