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Abstract

:

HA composite coatings added reinforcement phases could improve the mechanical properties and bonding strength of the coatings. Cold spraying is a feasible surface technology for preparing HA composite coatings. In order to investigate the influence of cold spraying parameters on the deposition behavior of a single HA/Ti composite particle, numerical and experimental investigation of gas-particle two-phase flow in cold spraying nanostructured HA/Ti composite particle were investigated in this study. The results show that the influence of different temperatures and pressures on static pressure was not significant. The effects of gas pressure on the static temperature were tiny under the same inlet temperature and different pressure conditions; however, the static temperature in the entire spray gun cavity increased as the inlet temperature increased under the same pressure and different inlet temperature conditions. There is little effect of gas pressure on the axial velocity of gas flow in the spray gun cavity; however, the axial velocity of gas flow increased with the increase in gas temperature. Meanwhile, the axial velocity of gas flow gradually increases throughout the spraying process. At a gas temperature of 573 K and 973 K, the maximum axial velocities of a gas flow at gas pressure of 2.2 MPa were 778 m/s and 942 m/s, respectively. There is little effect of gas pressure on the axial velocity of HA/30 wt.% Ti particles under the same gas temperature. The axial velocity of HA/30 wt.% Ti particles increased with the increase in gas temperature under the same gas pressure condition. The axial velocity of composite particles decreased with the increase in the particle size under the same gas pressure and gas temperature. At a gas temperature of 573 K and 973 K, the minimum axial velocity of HA/30 wt.% Ti particles with a particle size of 30 μm at a gas pressure of 2.2 MPa was 435 m/s and 467 m/s, respectively. A certain deformation of splats occurred after impacting the substrate, and the splats adhered to the surface of the Ti6Al4Vsubstrate, clearly presenting a flat shape with a central hump surrounded by a ringy band. At a gas temperature of 973 K, particles generated more severe deformation with more cracks and ejecta phenomenon. The splats attached to the substrate were increased as the gas temperature increased.
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1. Introduction


Cold spraying (CS) technology, as a novel surface technology for depositing solid-state particles, was focused on the investigation of pure metals (e.g., Cu [1], Al [2], Ti [3], and Mg [4], etc.), metallic alloys (e.g., Ti6Al4V [3], Ni50Cr [5], CrMnCoFeNi [6], etc.), cermet (e.g., WC-Co [7,8], WC-Ni [9], Cr3C2-NiCr(Ni) [10], etc.), ceramics (e.g., TiO2 [11,12], TiN [13], SiC-TiN [14], etc.) coatings. Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is often used as a biological coating material for surface modification of Ti and its alloys because of its unique biological characteristics [15]. Vilardell et al. [16] reported that micro- and nanocrystalline HA coatings were fabricated on Ti6Al4V substrate using CS technology, and NC-HA coating surface with finer porous nanocrystalline structures could achieve faster cell proliferation compared to CS HA coating. Chen et al. [17] reported that HA particle size and substrate materials could influence the deposition behavior of cold-sprayed HA splats, and HA coating with homogenous and dense microstructure present higher microhardness and tensile strength compared to air plasma spray (APS) and microplasma spray (MIPS) ones. Chatelain et al. [18] studied the influence of the thermal treatment of HA particles on the microstructure of HA splats and coatings with different nano-crystallite sizes. Ji et al. [19] reported that the characteristics of nano-HA splats cold-sprayed on Ti6Al4V and stainless-steel substrates, and the dense nano-HA coatings were successfully deposited on the Ti butter layer. Meanwhile, nano-HA coatings present high abrasive resistance after sliding against polycarbonate (PC) and polyurethane (PU) sheets, and good apatite-forming ability. However, the low interfacial adhesion problem of pure HA material, which was induced by poor mechanical properties, or low crystallinity and phase transformation decomposition during thermal spraying, greatly hinders the role of HA as a bone repair material for load-bearing parts of human bodies [20,21].



Therefore, the focus of current research is that, in order to improve the interface bonding and mechanical properties, HA composite coatings are prepared by adding a reinforcement phase into pure HA. At present, HA composite coatings were prepared by different surface technologies, such as electrochemical deposition, RF magnetron sputtering, laser cladding, and thermal spraying. HA composite coatings added the second particles (e.g., CNTs [22], TiO2 [23], and GO [24], etc.) were deposited by electrochemical deposition to improve the interface bonding strength of the coatings. However, due to the complex affecting factors (e.g., electrolyte composition, current, voltage, temperature, etc.), it was difficult to effectively control the microstructure and composition of HA composite coatings [25]. HA gradient composite coatings prepared by RF magnetron sputtering, such as HA/Al2O3/TiO2 [26], HAF/YSZ [27], HA/TiO2 [28], and HA/Ti [29] coatings, could improve the mechanical properties and bonding strength by alleviating the difference in thermal expansion coefficient between the coating and the substrate. However, the decomposition and hydroxyl deletion in the coating could reduce the interfacial bonding of the coating particles [30]. The interface bonding mechanism of HA composite coatings (e.g., Ti/HA [31], CNTs-HA [32], TiO2/HA [33], etc.) prepared by laser cladding was metallurgical bonding [34]. However, decomposition phases (e.g., Ca4(PO4)2O, Ca3(PO4)2, or Ca2P2O7, etc.) induced by elevated temperature and cracks induced by thermal stress led it to be difficult to control the uniformity and stability of the coating [34]. Currently, many researchers have performed a lot of research work on the preparation of HA composite coating by thermal spraying technologies (e.g., plasma spraying, high-velocity oxygen fuel spraying, high-velocity suspension flame spraying, warm spraying, etc.). The interfacial bonding strength of HA composite coatings was mainly improved by adding ZrO2 [35,36], Al2O3 [35,37], Al2O3-TiO2 [38], TiO2 [39,40], Ti [41,42], nanodiamond (ND) [43], or other second-phase particles in the coatings. However, HA composite coatings were prone to decomposition, phase transformation, or oxidation under the action of flame flow at high temperature [35,36,37,38,39,40,42], especially nanostructure HA composite coatings. Hence, although many surface technologies were applied to successfully prepare HA composite coatings, due to the difficulty in controlling the composition and crystallinity of the HA coatings, or the existence of large residual stress in the coatings, it was difficult to effectively improve the interfacial bonding of the coatings.



CS, as a low-temperature deposition technology, can effectively prevent the change of feedstock composition and the generation of tensile stress [1,2,3,4], especially suitable for preparing HA composite coating. Guillem-Marti et al. [44] reported that Ti-HA composite coating prepared by CS presented high adhesion and bond strength as well as biological stability. Zhou et al. [45] reported that cold-sprayed 20 wt.% HA/Ti coatings presented lower corrosion resistance compared to cold-sprayed Ti and 50 wt.% HAP/Ti coatings. Meanwhile, the corrosion resistance and mechanical properties of 20 wt.% HAP/Ti coatings could be improved after heat treatment. Gardon et al. [46] studied the plastic deformation behavior of HA and Ti powders blended in different percentages, as well as the microstructure and bonding strength of cold-sprayed HA/Ti coatings before and after immersing in the simulated body fluids. Although certain experimental research of cold-sprayed HA composite coatings has been performed by many researchers, there are few reports on the numerical analysis of the influence of cold spraying parameters (e.g., gas temperature, gas pressure, particle size, etc.) on the distributions of HA composite particle axial velocity. Hence, in order to investigate the influence of CS parameters on the deposition behavior of a single HA/Ti composite particle, numerical and experimental investigation of gas-particle two-phase flow in CS nanostructured HA-Ti composite particle were investigated in this study. The main innovations of this study include the following: (1) the distributions of gas flow and HA/Ti composite particles’ axial velocity in the flow field under the conditions of different gas pressure and different gas temperature were studied; (2) combined with the results of numerical simulation analysis, the deposition characteristic of cold-sprayed single nanostructured HA/Ti composite particle was studied through experiments.




2. Model Description and Methodology


2.1. Computational Method


Euler–Lagrangian model was applied to the working model of gas flow and gas-particle two-phase flow. The gas flow parameters in the flow field and the trajectory and axial velocity of HA/Ti composite particles in the flow field were calculated by Euler–Lagrangian method.




2.2. Geometry and Boundary Conditions


The jet domain of HA/Ti CS process consists of the following three parts: Laval nozzle, straight pipe section with constant cross-sectional area of spray gun, and atmospheric environment outside the spray gun. Figure 1 shows the schematic diagram of the internal cavity structure of cold spray gun. The nozzle contains a Laval nozzle inlet of 8 mm diameter (as marked by cyan arrow), a powder injector diameter is 1 mm with a length of 3 mm, a throat of 2 mm diameter, a Laval nozzle outlet of 8 mm diameter (as marked by blue arrow), a straight pipe exit of 6 mm diameter, and a straight pipe section of 90 mm length. The horizontal distance from the inlet to the throat is 10 mm, and the horizontal distance from the throat to the pressure outlet is 100 mm. Figure 2 shows the schematic diagram of calculation domain. The measurement distance of static pressure, static temperature, and axial velocity of gas flow is from Laval nozzle inlet to the substrate (the axial distance from 0 mm to 130 mm). The outside domain is a cylinder of 30 mm in radius and 20 mm in length from the nozzle exit to the substrate [47]. The detailed simulation parameters of FLUENT flow field analysis in the CS process of HA/Ti composite particles are listed in Table 1. It can be shown from Figure 2 that JH was set as pressure inlet, and the inlet temperature was set as 573 K and 973 K, respectively. Correspondingly, the inlet pressure is set as 1.8 MPa, 2.0 MPa, and 2.2 MPa. The spray gun axis AB was set as the horizontal axis. DE and DC were set as pressure outlets, and the outlet pressure value was consistent with the inlet pressure. Meanwhile, the outlet temperature was consistent with the inlet temperature. HG, GF, and FE were set as spray gun walls. BC was set as substrate wall, and the substrate temperature was set as 300 K. For HA/Ti particles, the particle size for simulation analysis is set as 10 μm, 20 μm, and 30 μm, respectively. In addition, HG, GF, and FE were set as the reflecting wall, and BC was set as the escaping wall.




2.3. Gas and Particle Flow


The flow field analysis of Laval spray gun is simplified in the modeling process. In order to simplify the computation, the assumptions used for cold spraying carrier gas and particle in the computational fluid dynamics are listed as follows:




	(1)

	
The gas is regarded as an ideal gas with constant specific heat capacity;




	(2)

	
The particles are incompressible and spherical in shape;




	(3)

	
The interaction between the particles is negligible in the flow field;




	(4)

	
The influence of the particles on the flow state of the gas is negligible;




	(5)

	
The friction resistance effect and thermal transmission of nozzle pipe on the gas are negligible;




	(6)

	
The gravity effect of the particles is negligible.










2.4. Meshing of Calculation Domain


According to the structure size of Laval spray gun and the length of spray distance, the size of flow field calculation domain is set. The calculation domain is meshed and discretized. The point-line method is mainly applied to model, and the edges are divided first during meshing. In order to make the flow direction of the fluid consistent with the meshing direction, the quadrilateral structure mesh is used for division to reduce the numerical diffusion in the calculation. Due to the complex flow near the wall, the wall is divided into high-density grids to reduce the impact of grid on the calculation accuracy of the wall. The simulation meshing of entire calculation domain, pressure inlet and throat domain, and outlet was shown in Figure 3a–c, respectively. The total number of mesh is 51,056.




2.5. Materials


Raw materials manufactured by an agglomeration sintering method were HA/Ti composite powders with HA size of 10–20 nm (Beijing Dk nano S&T Ltd., Beijing, China). The mass ratio of HA and Ti is 7:3. The preparation process steps of HA/Ti composite powders are as follows: firstly, pure HA powders and pure Ti powders with a mass ratio of 7:3 were mixed evenly by wet ball milling method for 2 h, and then polyvinyl alcohol (PVA) binder was added to continue ball milling for 2.5 h, the milling rotation speed was 300 rpm; finally, HA/Ti composite powders were successfully prepared by spray drying combined with sintering technology. The density (2697.8 kg/m3) and heat capacity (1375.7 J/(kg·K)) properties of HA/30 wt.% Ti particles were considered in the numerical simulations. Figure 4 shows the surface and cross-sectional morphologies of HA/Ti powders. The particle size distribution of HA/Ti powders is characterized by a laser diffraction meter (GSL-1020, Liaoning Instrument Research Institute Co., Ltd., Dandong, China). The size distribution (D10, D50, and D90) of HA/Ti powders is shown in Figure 5. Ti6Al4V sheet was used as a substrate for depositing single HA/Ti particle. The substrate dimensions were 50 × 25 × 3 mm3. Prior to CS, in order to better observe the morphologies of HA/Ti splat deposited on the surface of the substrate, the substrate was ground with metallographic sandpaper and subsequently polished with diamond abrading agent. The polished substrate roughness is 0.05 μm.




2.6. Single HA/Ti Particle Deposition


The deposition of single HA/Ti particles was carried out by a CS system (CS-2000, Xi’an Jiaotong University, Xi’an, China). The schematic diagram of CS system can be found in the literature [48]. Detailed CS parameters of single HA/Ti particle deposition are listed in Table 2.




2.7. Microstructure Characterization of Powders and Splats


The morphologies of HA/Ti feedstock powders and deposited splats were characterized by scanning electron microscope (SEM; VEGA II-LSU, TESCAN, Brno, Czech Republic) in backscattering electron (BSE) mode. The phase compositions of HA/Ti feedstock powders were analyzed by X-ray diffraction (XRD; Bruker D8 Advance, Karlsruhe, Germany) with Cu-Kα radiation (λ = 1.5418 Å, 35 kV, and 35 mA). The XRD patterns of HA/Ti powders are shown in Figure 6.




2.8. Particle Velocity


The velocity distribution of HA/30 wt.% Ti particles was measured by DPV eVOLUTION system (Tecnar Automation Ltd., Saint-Bruno-de-Montarville, QC, Canada).





3. Results and Discussion


3.1. Static Pressure Analysis of Flow Field


Figure 7 and Figure 8 show static pressure distribution cloud diagrams of the flow field for 573 K and 973 K under different gas pressure conditions, respectively. Figure 9 shows the static pressure curve of the flow field for 573 K and 973 K at gas pressure ranging from 1.8 MPa to 2.2 MPa. It can be found that static pressure in the flow field decreased significantly from the Laval nozzle inlet to the throat and continued to decrease at the Laval nozzle outlet. At the same time, static pressure fluctuated in the straight pipe section of the spray gun (as shown in Figure 7 and Figure 8). This phenomenon can also be found simultaneously in the static pressure curve of the flow field (as shown in Figure 9). It also can be found that the fluctuation phenomenon was obvious at the axial distance of the spray gun from 20 mm to 80 mm and relatively stable at the axial distance from 80 mm to 110 mm. This illustrates that disturbance waves formed in the spray gun affected the gas flow during CS. Meanwhile, the influence of disturbance waves in the straight pipe of the spray gun is relatively stronger with the increase in inlet gas temperature and gas pressure. However, the pressure dropped at the straight pipe exit, and the maximum drop occurred at an axial distance of 120 mm. The main reason was that an expansion wave generated at the straight pipe exit led to a decrease in static pressure, even lower than the atmospheric pressure. Subsequently, the pressure gradually increased, and the pressure suddenly increased as the generation of a shock wave at the front of the substrate. It can be further found that the effects of different gas temperatures and gas pressure on the static pressure of the flow field are relatively close (as shown in Figure 9).




3.2. Static Temperature Analysis of Flow Field


Figure 10 and Figure 11 show the static temperature distribution cloud diagrams of the flow field for 573 K and 973 K under different gas pressure conditions, respectively. Figure 12 shows the static temperature curve of the flow field for 573 K and 973 K at gas pressure ranging from 1.8 Mpa to 2.2 Mpa. It can be found that the temperature in the flow field decreased significantly from the Laval nozzle inlet to the throat. Moreover, the temperature at the axial domain of the spray gun decreased more than that at the inner wall from the throat to the straight pipe exit (as shown in Figure 10 and Figure 11). The main reason was that, due to the lower thermal conductivity of the gas compared to the nozzle material, the temperature of the nozzle wall increased faster, caused by thermal conduction after the gas flow entered the straight pipe, it ultimately led to the temperature of the nozzle wall being higher than that of the gas. It also can be found that the fluctuation phenomenon is obvious at the axial distance of the spray gun from 20 to 80 mm and relatively stable at the axial distance from 80 to 110 mm. The temperature dropped at the straight pipe exit, and the maximum drop also occurred at an axial distance of 120 mm. Subsequently, the temperature gradually increased, and the temperature suddenly increased at the front of the substrate (as shown in Figure 12). This phenomenon is consistent with the static pressure analysis results of the flow field. Comparing the static temperature of the flow field under the same inlet temperature and differential pressure, it can be further found that the effects of gas pressure on the static temperature were tiny; however, the temperature at the front of the substrate increased as the gas pressure increased. It would be beneficial to increasing the particle temperature, thereby facilitating the deposition of particles on the substrate. Comparing the static temperature of the flow field under the same pressure and different inlet temperature, the static temperature in the entire spray gun cavity increased as the inlet temperature increased. Moreover, the temperature elevated greater at the front of the substrate as importing higher inlet temperature. It is also conducive to heating the particles for easily depositing on the substrate.




3.3. Axial Velocity of Gas Flow


Figure 13 and Figure 14 show the axial velocity distribution cloud diagram of the flow field for 573 K and 973 K under different gas pressure conditions, respectively. Figure 15 shows the axial velocity curve of the flow field for 573 K and 973 K at gas pressure ranging from 1.8 Mpa to 2.2 Mpa. It can be found that there is little effect of gas pressure on the axial velocity of gas flow in the spray gun cavity. Meanwhile, it can be further found that the axial velocity of gas flow is not affected by temperature and pressure from the Laval nozzle inlet to the throat. The axial velocity of gas flow at the throat is subsonic, with a value in the range of 288 m/s to 290 m/s. The axial velocity of gas flow rapidly increased to supersonic after passing through the throat. Moreover, the axial velocity of gas flow increased with the increase in Laval nozzle cross-section and gas temperature. The axial velocities of gas flow at the Laval nozzle outlet were 620 m/s and 633 m/s at a gas temperature of 573 K and 973 K and different gas pressure conditions (from 1.8 to 2.2 Mpa), respectively (as shown in Figure 15). Due to disturbance waves generated in the straight pipe, the fluctuation of the gas flow axial velocity was relatively obvious at the axial distance of from 20 to 80 mm from the straight pipe of the spray gun. Nevertheless, the gas flow fluctuation was small at the axial distance of 80–110 mm, and the axial velocity of gas flow increased relatively smoothly. Meanwhile, due to the static temperature of the nozzle wall being higher than that of the center of gas, the axial velocity of gas flow in the center is lower than in the jet periphery (as shown in Figure 13 and Figure 14). The axial velocities of gas flow at the straight pipe exit were 715 m/s and 841 m/s at a gas temperature of 573 K and 973 K and different gas pressure conditions (from 1.8 to 2.2 Mpa), respectively. Due to the inertia and the differences between internal and external flow field pressure, the acceleration of gas flow occurred owing to the expansion of gas flow after entering the jet zone, leading to attaining the maximum velocity (at an axial distance of 120 mm). At this time, the acceleration of the axial velocity is conducive to cold spray deposition. Meanwhile, the gas pressure had a certain effect on the axial velocity at this stage, and the axial velocity is higher with the increase in inlet gas temperature. At a gas temperature of 573 K, the maximum axial velocities of gas flow at gas pressure of 1.8 Mpa, 2.0 Mpa, and 2.2 Mpa are 744 m/s, 763 m/s, and 778 m/s, respectively. At a gas temperature of 973 K, the maximum axial velocities of gas flow at a gas pressure of 1.8 Mpa, 2.0 Mpa, and 2.2 Mpa are 901 m/s, 925 m/s, and 942 m/s, respectively.




3.4. Axial Velocity of HA/Ti Composite Particles


Based on the analysis of the continuous phase flow field, the axial velocity distribution of HA/30 wt.% Ti discrete phase with different particle sizes in the flow field was further analyzed. Figure 16 shows the axial velocity curve of HA/30 wt.% Ti with different particle sizes for 573 K and 973 K at gas pressure ranging from 1.8 Mpa to 2.2 Mpa. It can be found that the axial velocity of HA/30 wt.% Ti composite particles was accelerated driving by high-speed gas, and the axial velocity of HA/30 wt.% Ti particles increased with the increase in gas temperature under the same gas pressure condition. The axial velocity of composite particles increased significantly from the Laval nozzle inlet to the Laval nozzle outlet; however, the axial velocity of composite particles increased relatively slowly at the straight pipe section. Finally, the axial velocity of particles reached the maximum value at an axial distance of 120 mm. This is because the expansion of gas flow occurred into the jet domain led to accelerating the axial velocity of HA/Ti composite particles. Meanwhile, the axial velocity of composite particles also increased with the increase in gas temperature under the same gas pressure condition. The detailed maximum axial velocities of HA/30 wt.% Ti particles with different particle sizes are listed in Table 3. It can be revealed that the axial velocity of composite particles decreased with the increase in the particle size under the same gas pressure and gas temperature. Moreover, due to the lower inertia of smaller-size particles, the axial velocity of smaller-size composite particles accelerated faster than that of larger-size particles in the entire spray gun.




3.5. Experimental Investigation of the Deposition of Single HA/30 wt.% Ti Splat


Based on the analysis of axial velocity of HA/30 wt.% Ti particles in the flow field, in order to further analyze the deposition behavior of HA/30 wt.% Ti particles under different conditions, experimental research on the deformation morphologies of single HA/30 wt.% Ti particle was investigated. Figure 17 shows the surface morphologies of nanostructure HA/30 wt.% Ti composite particle deposited in different gas temperature. It can be found that a certain plastic deformation of HA/30 wt.% Ti particles generated after impacting on the substrate at different gas temperature, and the morphology of HA/30 wt.% Ti particles changed from spherical to flat shape. Meanwhile, it can be further found that there was a hump (marked in cyan dot circle) appearing in the center of the flat particle, grooves (as indicated by the red arrow) formed near the hump, a ringy band (as indicated by the purple arrow) appeared in the periphery of the groove, and the ejecta phenomenon (as indicated by the blue arrow) occurred at the edge of the flat particle. The reason for appearing the grooves is that the discontinuous and non-uniform radial spreading of particles occurred under the effect of pulsating waves after impacting on the substrate. The ejectas appearing at the edges of particles were the result of severe radial deformation of flat particles after impacting on the substrate [49]. Meanwhile, irregular cracks (as indicated by the green arrow) formed on the surface of the flat particle. Compared with the splat impacting at the gas temperature of 573 K (as shown in Figure 17a), the flattening degree of HA/30 wt.% Ti particles increased as impacting at gas temperature of 973 K, as well as more grooves and cracks generated (as shown in Figure 17b). This illustrates that the impacting velocity of HA/30 wt.% Ti particles increased owing to the kinetic energy of the particles increasing with the increase in gas temperature, it led to the deformation degree of the particles increase. This research result was consistent with the previous reports in the literature [7,19], the particles deformed more severely at higher temperature. Figure 18 shows the bonding morphologies of HA/30 wt.% Ti composite particles deposited in different gas temperature. It can be found that there are few splats adhered on the substrate at gas temperature of 573 K; however, the ratio of splats that was adhered on the substrate increased obviously as increasing the gas temperature to 973 K. The main reasons for this phenomenon are that the bonding mechanism between HA/30 wt.% Ti splat and Ti6Al4V substrate is mechanical bonding, the deformation degree of splat was small at the gas temperature of 573 K resulting in the weak bonding between the splats and Ti6Al4V substrate. Meanwhile, due to the high microhardness of Ti6Al4V substrate, more rebounding particles generated at the lower gas temperature. However, higher gas temperature is beneficial to improving the deformation of HA/30 wt.% Ti particles and promoting the bonding between the splats and Ti6Al4V substrate. Figure 19 shows the velocity distribution of HA/30 wt.% Ti particles. It can be found that the average velocity of HA/30 wt.% Ti particles at gas temperature of 573 K and 973 K was 486 m/s and 534 m/s, respectively. This also illustrates that the velocity of HA/30 wt.% Ti particles increased with the increase in gas temperature.





4. Conclusions


Numerical analysis of the influence of gas temperature and gas pressure of CS on the distributions of static pressure, static temperature, and axial velocity of gas flow was investigated. Based on the analysis of the continuous phase flow field, numerical analysis on the influence of CS parameters (e.g., gas temperature, gas pressure, particle size, etc.) on the distributions of HA/30 wt.% Ti composite particle axial velocity was also studied in this work. In order to further analyze the influence of gas temperature on the deposition behavior of the particles, an experimental analysis of the deposition of a single HA/30 wt.% Ti particle was simultaneously investigated. The main conclusions are as follows:




	
There was a certain variation in static pressure throughout the entire spraying area. In the spray gun, static pressure was mainly affected by disturbance waves, and there was a certain fluctuation phenomenon in the static pressure. Static pressure decreased caused by the expansion wave between the nozzle outlet to the substrate surface. Static pressure suddenly increased due to the influence of shock wave at the front of the substrate;



	
There was also a certain variation in static temperature throughout the entire spraying area. Due to the difference in thermal conductivity between the gas and the straight tube material of the spray gun, the static temperature of the gas flow near the nozzle wall was higher than that of the gas flow in the axial area of the spray gun. There was a certain fluctuation phenomenon in the static temperature due to the influence of disturbance waves in the spray gun. Due to the influence of the expansion wave, the static temperature decreased between the nozzle outlet and the substrate surface. Due to the influence of shock wave, static pressure also suddenly increased at the front of the substrate;



	
The effects of gas pressure on the static temperature were tiny under the same inlet temperature and different pressure conditions. The static temperature in the entire spray gun cavity increased as the inlet temperature increased under the same pressure and different inlet temperature conditions. The static temperature elevated greater at the front of the substrate as importing higher inlet temperature;



	
The axial velocity of gas flow continuously increased from the throat to the straight pipe exit. At gas temperatures of 573 K and 973 K and different gas pressure conditions (from 1.8 to 2.2 MPa), the axial velocity of the gas flow at the straight pipe exit increased to 715 m/s and 841 m/s, respectively. Due to the acceleration effect of the expansion wave, the axial velocity increased to the maximum value (at an axial distance of 120 mm) after the gas flow out of the straight pipe exit;



	
At a gas temperature of 573 K, the axial velocities of HA/30 wt.% Ti particles with a particle size of 10 μm at a gas pressure of 1.8 MPa, 2.0 MPa, and 2.2 MPa are 566 m/s, 572 m/s, and 577 m/s, respectively. At a gas temperature of 973 K, the axial velocities of HA/30 wt.% Ti particles with a particle size of 10 μm at a gas pressure of 1.8 MPa, 2.0 MPa, and 2.2 MPa are 636 m/s, 643 m/s, and 649 m/s, respectively. The axial velocities of HA/30 wt.% Ti particles at a gas temperature of 973 K and a different gas pressure were 12.4% higher than that at a gas temperature of 573 K and a different gas pressure;



	
At a gas temperature of 573 K, the axial velocities of HA/30 wt.% Ti particles with a particle size of 20 μm at a gas pressure of 1.8 MPa, 2.0 MPa, and 2.2 MPa are 471 m/s, 476 m/s, and 485 m/s, respectively. At a gas temperature of 973 K, the axial velocities of HA/30 wt.% Ti particles with a particle size of 20 μm at a gas pressure of 1.8 MPa, 2.0 MPa, and 2.2 MPa are 513 m/s, 522 m/s, and 530 m/s, respectively. The axial velocities of HA/30 wt.% Ti particles at a gas temperature of 973 K and different gas pressure were about 9.0% higher than that at a gas temperature of 573 K and a different gas pressure;



	
At a gas temperature of 573 K, the axial velocities of HA/30 wt.% Ti particles with a particle size of 30 μm at a gas pressure of 1.8 MPa, 2.0 MPa, and 2.2 MPa are 417 m/s, 427 m/s, and 435 m/s, respectively. At a gas temperature of 973 K, the axial velocities of HA/30 wt.% Ti particles with a particle size of 30 μm at a gas pressure of 1.8 MPa, 2.0 MPa, and 2.2 MPa are 448 m/s, 457 m/s, and 467 m/s, respectively. The axial velocities of HA/30 wt.% Ti particles at a gas temperature of 973 K and a different gas pressure were 7% higher than that at a gas temperature of 573 K and different gas pressure;



	
A significant plastic deformation of particles occurred as depositing on the surface of Ti6Al4V substrate at different gas temperatures, and the morphology of HA/30 wt.% Ti particles changed from spherical to a flat shape. Meanwhile, an ejecta phenomenon appeared at the edges of the splat. Moreover, the deformation of HA/30 wt.% Ti particle increased with the increase in gas temperature;



	
There is a certain influence of gas temperature on the bonding of HA/30 wt.% Ti particles to the substrate surface, and higher gas temperature is beneficial to improving the deformation of HA/30 wt.% Ti particles and promoting the bonding between the splats and Ti6Al4V substrate;



	
Comparing the numerical and experimental investigation, it was found that the experimental results were consistent with the numerical analysis results, and the deposition velocity of HA/30 wt.% Ti particles in the experiment was within the range of the axial velocity of the simulated HA/30 wt.% Ti particles.
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Figure 1. Schematic diagram of the internal cavity structure of cold spray gun. 
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Figure 2. Schematic diagram of calculation domain. 
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Figure 3. Simulation meshing (a) entire calculation domain, (b) pressure inlet and throat domain, (c) outlet. 
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Figure 4. The morphologies of HA/Ti powders (a) surface, 2000×, (b) cross-section, 3000×. 
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Figure 5. The size distribution of HA/Ti powders. 
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Figure 6. The X-ray diffraction (XRD) patterns of HA/Ti powders. 
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Figure 7. Static pressure distribution cloud diagram of flow field for 573 K under different gas pressure conditions (a) 1.8 MPa, (b) 2.0 Mpa, and (c) 2.2 Mpa. 
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Figure 8. Static pressure distribution cloud diagram of flow field for 973 K under different gas pressure conditions (a) 1.8 MPa, (b) 2.0 Mpa, and (c) 2.2 Mpa. 






Figure 8. Static pressure distribution cloud diagram of flow field for 973 K under different gas pressure conditions (a) 1.8 MPa, (b) 2.0 Mpa, and (c) 2.2 Mpa.



[image: Coatings 13 00818 g008]







[image: Coatings 13 00818 g009 550] 





Figure 9. Static pressure curve of flow field. 
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Figure 10. Static temperature distribution cloud diagram of flow field for 573 K under different gas pressure conditions (a) 1.8 MPa, (b) 2.0 Mpa, and (c) 2.2 Mpa. 
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Figure 11. Static temperature distribution cloud diagram of flow field for 973 K under different gas pressure conditions (a) 1.8 MPa, (b) 2.0 Mpa, and (c) 2.2 Mpa. 
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Figure 12. Static temperature curve of flow field. 
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Figure 13. Axial velocity distribution cloud diagram of gas flow for 573 K under different gas pressure conditions (a) 1.8 MPa, (b) 2.0 Mpa, and (c) 2.2 Mpa. 
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Figure 14. Axial velocity distribution cloud diagram of gas flow for 973 K under different gas pressure conditions (a) 1.8 MPa, (b) 2.0 Mpa, and (c) 2.2 Mpa. 






Figure 14. Axial velocity distribution cloud diagram of gas flow for 973 K under different gas pressure conditions (a) 1.8 MPa, (b) 2.0 Mpa, and (c) 2.2 Mpa.



[image: Coatings 13 00818 g014]







[image: Coatings 13 00818 g015 550] 





Figure 15. Axial velocity curve of gas flows. 
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Figure 16. Axial velocity of HA/30 wt.% Ti composite particles (a) 10 μm, (b) 20 μm, and (c) 30 μm. 
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Figure 17. Surface morphologies of nanostructure HA/30 wt.% Ti composite particle deposited in different gas temperature (a) 573 K, (b) 973 K. 
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Figure 18. Bonding morphologies of nanostructure HA/30 wt.% Ti composite particles deposited in different gas temperature (a) 573 K, (b) 973 K. 
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Figure 19. Velocity distribution of HA/30 wt.% Ti particles at gas temperature of (a) 573 K and (b) 973 K. 
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Table 1. The detail simulation parameters of FLUENT flow field analysis in the CS process of HA/Ti composite particles.
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	Simulation Parameters
	Value





	Gas pressure/MPa
	1.8, 2.0, 2.2



	Gas temperature inlet/K
	573, 973



	Particle size/μm
	10, 20, 30



	Spray distance/mm
	20
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Table 2. The detail spraying parameters of single HA/Ti particle deposition.
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	Value





	Accelerating gas pressure/MPa
	2.0



	Powder-feeding gas pressure/MPa
	2.2



	Gas temperature in gun chamber/°C
	300 ± 10, 700 ± 10



	Transverse speed of gun/mm·s−1
	500



	Spray distance/mm
	20



	Substrate
	Ti6Al4V
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Table 3. The detail maximum axial velocities of HA/30 wt.% Ti particles with different particle size.
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Particle Size

	
Gas Pressure

	
Gas Temperature




	
573 K

	
973 K






	
10 μm

	
1.8 MPa

	
566 m/s

	
636 m/s




	
2.0 MPa

	
572 m/s

	
643 m/s




	
2.2 MPa

	
577 m/s

	
649 m/s




	
20 μm

	
1.8 MPa

	
471 m/s

	
513 m/s




	
2.0 MPa

	
476 m/s

	
522 m/s




	
2.2 MPa

	
485 m/s

	
530 m/s




	
30 μm

	
1.8 MPa

	
417 m/s

	
448 m/s




	
2.0 MPa

	
427 m/s

	
457 m/s




	
2.2 MPa

	
435 m/s

	
467 m/s
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