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Introduction

Yttria-stabilized zirconia (YSZ) coatings have been widely applied in various areas such as the gas turbines, solid oxide fuel cells, dental crown, etc., due to its excellent thermal, mechanical performances and high ionic conductivity [START_REF] Cao | Ceramic materials for thermal barrier coatings[END_REF][START_REF] Ghasemi | Plasma-sprayed nanostructured YSZ thermal barrier coatings: Thermal insulation capability and adhesion strength[END_REF][START_REF] Hao | Fabrication of nanoscale yttria stabilized zirconia for solid oxide fuel cell[END_REF][START_REF] Da Silva | Novel materials for solid oxide fuel cell technologies: A literature review[END_REF][START_REF] Gautam | Zirconia based dental ceramics: structure, mechanical properties, biocompatibility and applications[END_REF][START_REF] Camposilvan | Enhanced reliability of yttria-stabilized zirconia for dental applications[END_REF]. As for their preparation process, various methods can be used, such as chemical vapor deposition (CVD) [START_REF] Hermawan | Densification of an YSZ electrolyte layer prepared by chemical/electrochemical vapor deposition for metal-supported solid oxide fuel cells[END_REF][START_REF] Garcia | Thermal barrier coatings produced by chemical vapor deposition[END_REF], physical vapor deposition (PVD) [START_REF] Tanhaei | Yttria-stabilized zirconia thin film electrolyte deposited by EB-PVD on porous anode support for SOFC applications[END_REF][START_REF] He | Electron beam physical vapor deposition of YSZ electrolyte coatings for SOFCs[END_REF], atmospheric plasma spraying (APS) [START_REF] Zhou | Development of YSZ Thermal Barrier Coatings Using Axial Suspension Plasma Spraying[END_REF][START_REF] Chen | Nanostructured zirconia coating prepared by atmospheric plasma spraying[END_REF], etc. CVD and PVD can produce dense YSZ coatings with high-quality, but their application is severely limited by low deposition rate and high investment cost. In contrast, APS can rapidly fabricate YSZ coatings at a low cost. However, since the deposits are typically formed by the stacked splats composed of molten or semi-molten particles, the resulting layered coating inevitably has some pores, unbonded interfaces, and vertical cracks [START_REF] Li | Effect of densification processes on the properties of plasma-sprayed YSZ electrolyte coatings for solid oxide fuel cells[END_REF][START_REF] Fauchais | Understanding plasma spraying[END_REF]. Thus, it is difficult for the APS process to obtain very uniform and dense YSZ coatings. Generally, the porosity of APS-YSZ coatings exceeds 10 % [START_REF] Mauer | Atmospheric plasma spraying of yttria-stabilized zirconia coatings with specific porosity[END_REF][START_REF] Sobhanverdi | Porosity and microstructural features of plasma sprayed Yttria stabilized Zirconia thermal barrier coatings[END_REF][START_REF] Chao | Study on gas permeation behaviour through atmospheric plasma-sprayed yttria stabilized zirconia coating[END_REF].

In order to reduce coating defects, the very low-pressure plasma spray (VLPPS) technology was well studied and developed through the addition of the APS-based vacuum tank [START_REF] Smith | Very Low Pressure Plasma Spray-A Review of an Emerging Technology in the Thermal Spray Community[END_REF][START_REF] Vardelle | The 2016 Thermal Spray Roadmap[END_REF]. Unlike traditional vacuum plasma spraying (VPS) or low-pressure plasma spray (LPPS) working at 5kPa~20kPa, the VLPPS system operates at much lower pressures, i.e., <800Pa. Thanks to this ultra-low pressure, the plasma jet expands and accelerates significantly. As a result, the powder will be accelerated faster and impact the substrate at speed higher than twice the speed of sound, thereby effectively increasing the density of the coating. Meanwhile, for making up the decreasing heating capacity of the very low-pressure plasma jet, a high-power plasma torch, such as the Oerlikon Metco O3CP torch (~180 kW), was usually used. Consequently, the YSZ powder can be heated so well that part or almost all of the powder can be evaporated. The deposits can be improved to gas-liquid co-deposition or pure vapor deposition [START_REF] Mauer | Novel opportunities for thermal spray by PS-PVD[END_REF][START_REF] He | Investigation on growth mechanisms of columnar structured YSZ coatings in Plasma Spray-Physical Vapor Deposition (PS-PVD)[END_REF]. This new form of deposition can further reduce the porosity of the YSZ coatings to below 2% [START_REF] Gao | Microstructure and mechanical properties of yttria stabilized zirconia coatings prepared by plasma spray physical vapor deposition[END_REF][START_REF] Shao | Dense yttria-stabilized zirconia coatings fabricated by plasma spray-physical vapor deposition[END_REF][START_REF] Marcano | Manufacturing of high performance solid oxide fuel cells (SOFCs) with atmospheric plasma spraying (APS) and plasma spray-physical vapor deposition (PS-PVD)[END_REF].

Although using the O3CP torch can significantly improve the density of YSZ coating, its supporting equipment and operating cost are very high. Therefore, this study developed an axial bi-cathode plasma torch with a medium plasma power (~81 kW) by combining two commercial F4 type torch. The purpose is to inject all the YSZ powder axially into the center of the plasma jet, so the YSZ powder can be fully heated to melt or vaporize with reducing equipment cost and energy loss. By using this axial plasma torch, uniform and dense yttria-stabilized zirconia (YSZ) coatings were fabricated at different spraying distances. For analyzing the spraying results, the optical emission spectroscopy (OES) was used to investigate the heating effect of the plasma jet on YSZ powder. The scanning electron microscopy (SEM), X-ray diffraction (XRD), and nanoindentation were used to study the microstructures, phase compositions, and mechanical properties of the YSZ coatings.

Experimental procedure 2.1 The design of the plasma torch

Fig. 1 shows the 3D drawing of the axial bi-cathode plasma torch. Two commercial F4-type plasma torch with independent power sources are combined to double the power of plasma jet, i.e., 81kW [START_REF] Song | Microstructure and mechanical property of dense yttria-stabilized zirconia coating fabricated by an axial bi-cathode plasma torch under very low pressure[END_REF]. The angle between the two torches is 34°, which can prevent the two plasma jets from dissipating each other and ensure the powder injector inserted axially. The two torches share one anode, so its processing size must be carefully controlled to ensure an accurate relative position between the anode and the two cathodes. Otherwise, the plasma jet cannot start the arc smoothly and maintain it stably and symmetrically. Since the power of the new torch is higher than a traditional one, two water-cooling systems are used to prevent the anode from being ablated quickly. The cooling water enters through the two opposite inlets of the anode retainer top, fills the liquid storage chamber inside the retainer top first, and then evenly flows into the anode through some small round holes in the anode retainer bottom. In order to improve the cooling efficiency, part of the anode material is removed replaced by two division blocks. This allows the cooling water to quickly flow through the axis of the anode, thereby effectively removing the high temperature generated by the two plasma jets and prolonging the life of the anode. Finally, the cooling water flows out of the anode through the four outlets in the middle body. The entire water-cooling process uses a series of O-ring seals to prevent water leakage. In addition, all components of the new torch are coated with a layer of insulating paint to avoid arcing in low-pressure environments.

Preparation and characterization

Fig. 2 shows the schematic diagram of the VLPPS preparation of YSZ coatings. An agglomerated 7.5 wt% YSZ powder (Metco 6700) with an average particle size of 10 μm was chosen as the raw material. Carbon steel plates were selected as the substrates at three different spraying distances. In order to improve the bonding strength of the substrate and the coating, 150µm CoNiCrAlY coatings were deposited on the substrate surface. For the VLPPS process, the spraying parameters in detail can be found in Table 1. For testing, the optical emission spectroscopy instrument (Jobin-Yvon spectrometer, TRIAX190, UK) equipped with a charge-coupled detector was used to check the gas composition in the plasma jet and calculate the plasma electron temperature [START_REF] Zhu | Very low pressure plasma sprayed alumina and yttria-stabilized zirconia thin dense coatings using a modified transferred arc plasma torch[END_REF][START_REF] Zhang | Impact of cathode loss on plasma characteristics, microstructures and properties of 7YSZ coatings in PS-PVD[END_REF][START_REF] Mauer | Process development and coating characteristics of plasma spray-PVD[END_REF]. The detection was carried out at a spraying distance of 200 mm, with a focal length of 190 mm. The microstructures of as-sprayed YSZ coatings were observed by the scanning electron microscope (JSM-7800F, JEOL, Japan). The porosity of YSZ coatings was evaluated by using SEM images at 2000X magnification via the Image J software. The compositions of the YSZ powder and coatings were detected by X-ray diffraction (Rigaku, Japan) through Cu Kα radiation. The mechanical properties of the YSZ coatings were tested by the nanoindentation (Hysitron, USA) [START_REF] Oliver | Measurement of hardness and elastic modulus by instrumented indentation: Advances in understanding and refinements to methodology[END_REF]. The applied maximum load was 10 mN, the loading and unloading rates were 20 mN/min, and the holding time is 10 s. Ten different points were measured to calculate the average mechanical properties. Table 1 Experimental parameters of the VLPPS.

Results and discussions 3.1 OES analysis

The plasma-excited spectral signal of the vapor phase was detected by the OES instrument in the wavelength ranges of 400-900 nm. Fig. 3 before and after spraying the YSZ powder. For the pure plasma jet, as shown in Fig. 3 (a), the spectral signals of plasma working gases Ar, He, and H can be found. As the YSZ powder is sprayed, the intensity of these spectral lines is enhanced, as shown in Fig. 3(b). Meanwhile, the YSZ spectral signal with moderate intensity can be observed in the wavelength range of 500-600 nm. It indicates that the injected YSZ particles have an intense energy exchange with the plasma jet, which causes the YSZ powder to be partially vaporized. On the one hand, this vaporization result is obviously better than that in Ref. [START_REF] He | Characterization of Yttria-Stabilized Zirconia Coatings Deposited by Low-Pressure Plasma Spraying[END_REF] , which used a low-power plasma torch with a radial injection to spray YSZ powder. It proved that increasing the plasma power and adopting the axial injection can effectively improve the vaporization of YSZ powder. On the other hand, the vaporization degree in this study is lower than that in Ref. [START_REF] He | Advanced crystallographic study of the columnar growth of YZS coatings produced by PS-PVD[END_REF]. The latter adopted a more powerful O3CP plasma torch (180 kW) with radial injection, which vaporized almost all the YSZ powder. It shows that compared with the axial powder injection, increasing the net plasma power is more critical for vaporizing the YSZ powder. For further analyzing the evolution of plasma jet property, the plasma electron temperature was calculated using the multi-line slope method [START_REF] Zhang | Impact of cathode loss on plasma characteristics, microstructures and properties of 7YSZ coatings in PS-PVD[END_REF], with the hypothesis of local thermodynamic equilibrium (LTE):

Here, is the spectral intensity, is the spectral wavelength, is the transition probability, is the statistical weight of the upper level, is the energy of the upper level, is the Boltzmann constant (1.38×10 -23 J•K -1 ), C is a constant.

Since a Boltzmann point plot can be obtained using / as the ordinate and as the abscissa, the plasma electron temperature can be calculated based on the slope of the fitted straight line 1/ . In this study, four spectral lines of the H atom were selected for calculating the , as shown in Table 2. The related calculating parameters are obtained through spectral detection and the atomic spectra database from the National Institute of Standards and Technology [START_REF] Kramida | NIST Atomic Spectra Database (version 5.0)[END_REF]. Fig. 4 shows the Boltzmann plots. The of the plasma jet before and after spraying YSZ powder are approximately 6226K (0.537 eV) and 6309 K (0.544 eV), respectively. Under the assumption of LTE, the can be considered equal to the temperature of the heavy particles. Obviously, such a high temperature at the spraying distance of 200mm is higher than the boiling point of YSZ powder (about 4573K), which further proves that using the designed plasma torch can vaporize the YSZ powder effectively. 

Microstructure analysis

Fig. 5 exhibits the surface microstructures of the YSZ coatings. It shows that each YSZ coating possesses hybrid microstructures, which consists of the unmelted particles, molten splats, and vapor clusters. The formation of the mixed microstructures is mainly because of the non-uniform heating caused by diverse powder sizes and fast plasma jet. As the YSZ powder was injected into the center of the high-temperature and high-speed plasma jet, the micron-sized agglomerated powder would be rapidly broken down to the submicron scale. However, the breaking time required for diverse particle sizes was different. The YSZ powder with small particle size could be rapidly fragmented by the plasma jet. Then they would be melted to form droplets or even vaporized to form clusters. Nevertheless, for the YSZ powder with large particle size, it needed more time to be fragmented. When the fragmentation was finished, the large plasma gas flow had driven the YSZ powder out of the hottest area of the plasma jet. As a result, the YSZ powder could not be completely melted and eventually remained in the coatings. Another noteworthy phenomenon is that as the spraying distance increases, the amount of the unmelted powder and melted splats in the YSZ coating reduces, while the proportion of the clusters obviously increases. This trend manifested that the melting state of the YSZ particles was getting better with the increase of spraying distance.

Fig. 6 presents the cross-sectional morphologies of the YSZ coatings. The mixed microstructures mentioned above can be found in all the coatings. Compared to other coatings, the 350 mm coating possesses the densest microstructures and fewest pores/cracks. Although the 350mm coating was melted worst, it had the fastest impacting velocity and highest substrate temperature, which increased the coating density due to the punning and sintering effect. On the contrary, despite the 550 mm coating was melted best and had the most vapor clusters, the coating impacting speed and the substrate temperature were the lowest. Hence the 550 mm coating had the least cohesion and contained the most defects. According to image analysis, the average porosity of 350mm, 450mm, and 550mm coatings are 2.7%, 4.2%, 7.4%, respectively. The porosity is much lower than that prepared by APS [START_REF] Chao | Study on gas permeation behaviour through atmospheric plasma-sprayed yttria stabilized zirconia coating[END_REF]. Such high-density YSZ coatings may be applied for corrosion and heat resistance against oxidation, as well as the solid oxide fuel cells.

In addition, it is interesting that the YSZ coatings can also be observed on the side of the substrate. Fig. 7 shows their surface and cross-sectional microstructures at different spraying distances. Each coating exhibits a quasi-columnar microstructure, which should be the result of vapor-phase condensation as the liquid or solid phase was difficult to attach the side. With increasing spraying distance, the quasi-columnar structure becomes more evident, illustrating that the longer spraying distance favors the vaporization of YSZ powder. Based on the thickness of the side coating, it can be inferred that the vaporization of YSZ powder has a considerable amount. For example, the thickness of the side coating and front coating at 450mm is 25 μm and 54 μm, respectively. It means that the vapor phase deposition accounted for 46% of the total 450mm coating. This result is consistent with the previous results of OES and SEM. 

Phase composition analysis

Fig. 8 shows the phase composition of the YSZ powder and as-sprayed coatings. It can be detected that the YSZ powder is composed of the monoclinic zirconia phase (M-ZrO2) and the cubic yttria phase (C-Y2O3), whereas the as-sprayed coatings produce a new tetragonal-prime zirconia phase (T'-ZrO2) except them. Based on the YSZ phase diagram, when the YSZ powder is fully melted by the high-temperature plasma jet, the M-ZrO2 will transform into the cubic zirconia phase (C-ZrO2). As the C-ZrO2 is deposited on a low-temperature substrate or previously formed coating, it will solidify rapidly in a non-equilibrium state due to the high degree of supercooling. The Y2O3 in ZrO2 cannot diffuse out in time, resulting in the formation of T'-ZrO2 with high Y2O3 content. Hence, it can be considered that the percentage of T'-ZrO2 in YSZ coating is a sign that the YSZ powder melts well. For further study, the T'-ZrO2 content in each YSZ coating was calculated based on the RIR method [START_REF] Hubbard | RIR-measurement and use in quantitative XRD[END_REF][START_REF] Gualtieri | Accuracy of XRPD QPA using the combined Rietveld-RIR method[END_REF]. It is clear that all the YSZ coatings contain more than 40% T'-ZrO2 content, and as the spraying distance increases, the T'-ZrO2 content gradually increases until a maximum of 50% was reached at 550 mm. It can be noticed that, on the one hand, the designed torch was able to keep a high temperature within 550mm, resulting in the continuous melting of the YSZ particles. This is consistent with the SEM image of the 550mm YSZ coating, which contains maximum splats and clusters. On the other hand, compared with other researchers [START_REF] Gao | Microstructure and mechanical properties of yttria stabilized zirconia coatings prepared by plasma spray physical vapor deposition[END_REF][START_REF] Zhang | Microstructural characterization of PS-PVD ceramic thermal barrier coatings with quasi-columnar structures[END_REF] who obtained the complete T' phase YSZ coating by adopting a more powerful plasma torch (like O3CP gun), the T'-ZrO2 percentage obtained in this study is relatively low. The future work will focus on further improve the power and structure of the bi-cathode plasma torch, which should be possible to achieve a better heating state of YSZ powder. 
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Mechanical property analysis

Fig. 9(a) presents the load-displacement curves of nanoindentation for the YSZ coatings at different spraying distances. Each YSZ coating has a smooth and consecutive curve, suggesting that the co-deposits formed by liquid and vapor phases in the coating are well combined. However, as the spraying distance increases, the penetration depth of the indentation decreases, which means the mechanical properties of the YSZ coatings are getting worse. The detailed microhardness (H) and Young's modulus (E) of the YSZ coatings can be found in Fig. 9(b). Obviously, the 350 mm coating has the best overall mechanical performance, i.e., H and E of 11.7±0.6GPa, 167.8±4GPa, respectively. This is because the 350 mm coating possessed the most compact microstructure. As the melted YSZ splats were formed and impacted the 350 mm substrate, the unmelted YSZ particles and clusters would be tightly wrapped by the splats with the highest velocity. Along with the highest substrate temperature, the 350 mm coating had the highest density and bonding strength. On the contrary, since the melting state of YSZ powder was better at 550 mm, the proportion of nano-sized clusters was higher than that at 350 mm. It would produce more nanopores and cracks in the 550 mm coating and reduce its mechanical property. Thus the 550mm coating has the lowest overall mechanical property, i.e., H and E of 7.5±1.5GPa, 190.0±4.1GPa, respectively. The above results also point out that the mechanical performance of the YSZ coating is more related to the density rather than the melting state. 

Conclusions

With a custom axial plasma torch, the dense YSZ coatings were sprayed under low pressure at different spraying distances. The conclusions are as follows:

1. According to the medium intensity of YSZ spectral intensity, the YSZ powder was partially vaporized by adopting the new plasma torch. The of the plasma jet before and after spraying YSZ powder are approximately 6226K and 6309 K, respectively.

2. The YSZ coatings with hybrid microstructures were composed of unmelted particles, molten droplets, and vapor clusters. With increasing spraying distance, the melting state of YSZ coating got better, but its microstructure became looser, with the porosity increasing from 2.7% to 7.4%.

3. The YSZ powder underwent an obvious phase transition from the M-ZrO2 phase to the T'-ZrO2 phase, demonstrating the YSZ powder was melted well. Increasing the spraying distance promoted this phase transition, and at maximum, 50% T'-ZrO2 phase can be generated.

4. The 350 mm coating with the densest microstructure possessed the best mechanical properties, with hardness and Young's modulus of 11.7±0.6 GPa, 167.8 ±4 GPa, respectively.
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 1 Fig.1The 3D drawing of the axial bi-cathode plasma torch.
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 2 Fig. 2 Very low-pressure plasma sprayed YSZ coating at different distances using the axial plasma torch.Table1Experimental parameters of the VLPPS.
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 3 Fig. 3 The OES patterns of the plasma jet (a) before and (b) after spraying the YSZ powder.
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 56 Fig. 5 The surface microstructures of the YSZ coatings deposited at (a) 350 mm, (b) 450 mm, (c) 550 mm. (a''-c'') shows the high magnification of (a'-c').
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 7 Fig. 7 The surface and cross-sectional microstructures of the YSZ coatings deposited on the substrate side at (a-a') 350 mm, (b-b') 450 mm, (c-c') 550 mm.
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 8 Fig.8XRD pattern of the YSZ powder and as-sprayed coatings.
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 9 Fig. 9 (a) The load-displacement curves and (b) mechanical properties of the YSZ coatings.

  

  compares the OES patterns

	Parameters	Value
	Pressure (Pa)	600
	Current (A)	1400
	Power (kW)	81
	Plasma gas Ar/He/H2	6:10:1
	Total gas flow rate (slpm)	170
	Powder feeding rate (g/min)	2
	Spraying distance (mm)	350,450,550
	Torch speed (mm/s)	

Table 2

 2 Parameters for calculating the plasma electron temperature.
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