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Abstract

:

In order to enhance the bioactivity and wear resistance of titanium (Ti) and its alloy for use as an implant surface, a multilayer Ca/P (calcium/phosphorus) bio-ceramic coating on a Ti6Al4V alloy surface was designed and prepared by a laser cladding technique, using the mixture of hydroxyapatite (HA) powder and Ti powder as a cladding precursor. The main cladding process parameters were 400 W laser power, 3 mm/s scanning speed, 2 mm spot diameter and 30% lapping rate. When the Ca/P ceramic coating was immersed in simulated body fluid (SBF), ion exchange occurred between the coating and the immersion solution, and hydroxyapatite (HA) was induced and deposited on its surface, which indicated that the Ca/P bio-ceramic coating had good bioactivity. The volume wear of Ca/P ceramic coating was reduced by 43.2% compared with that of Ti6Al4V alloy by the pin-disc wear test, which indicated that the Ca/P bio-ceramic coating had better wear resistance.
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1. Introduction


With the aging of the population and increase in joint injuries caused by traffic accidents, the demand for artificial joint replacements is growing. Titanium and its alloys, due to their excellent biocompatibility, biomechanical properties and corrosion resistance, have become the preferred materials for artificial joints [1,2,3]. However, these compounds are biologically inert, and have poor bone conductivity. As a result, the stem of a Ti alloy artificial joint cannot form an osseous bond with bone tissue, and long-term use in the body will cause aseptic loosening [4,5,6]. In addition, under the wear and corrosion of the fretting environment in vivo, Ti alloy artificial joint stems are prone to producing wear debris and metal ions, leading to the expression of bone resorption in osteoclasts and shortening of service life [7,8]. On the other hand, Ca/P bioactive materials, such as bio-glass (S520) [9], hydroxyapatite (HA) [10] and tri-calcium phosphate (TCP, Ca3(PO4)2) [11], are regarded as attractive bone substitute materials owing to their similarity to bone apatite and biocompatibility, due to their ability to induce HA deposition in vivo to form a stable osseous bond with natural bone to achieve biological fixation [12,13]. However, the defects of these bioactive materials, such as their high degree of brittleness, low tensile strength, and poor wear resistance, limit their application in body bearing sites, such as hip and knee joints [14,15,16]. Therefore, combining the biological properties of bioactive materials and the mechanical properties of Ti alloys has become a research hotspot.



Some scholars have used surface modification techniques such as ion implantation [17], pulsed laser deposition [18], sol-gel [19], magnetron sputtering [20], and plasma spraying [21] to fabricate bio-ceramic coatings on the surface of Ti alloys. However, these techniques have shortcomings, such as poor interface bonding strength between substrate and coating, insufficient coating thickness, and insufficient biological activity. However, laser cladding technology [22] has some benefits such as rapid melting and solidification and good controllability, which can be used to prepare coatings with high bonding strength, controllable thickness, and suitable physicochemical properties. Therefore, it is a very promising technique for the preparation of bio-ceramic coatings [23,24].



Liu [25] prepared a bioactive coating on a Ti6Al4V surface by laser cladding using a powder comprising CaHPO4·2H2O, CaCO3, and Ti as a precursor, composed of HA, β-TCP, etc. However, obvious large cracks appeared in the coating, and the mechanical properties needed to be improved. Yang [26] fabricated a coating on the surface of Ti6Al4V by a laser cladding process using a powder comprising HA and SiO2. The coating contained CaTiO3, Ca3(PO4)2, Ca2SiO4 and other phases, and showed good biocompatibility and bioactivity. However, there were obvious pores and cracks in the interface between the coating and the substrate which limited the bearing capacity of the coating to some extent. Bajda et al. [9] applied a laser cladding technique to a prepare bioactive ceramic coating on a Ti6Al4V surface, using S520 bioactive glass powder as a precursor. The coating was approximately 100 µm thick and had a hardness range of 265–290 HV. A large amount of spherical calcium and phosphorus deposition appeared on the coating surface after immersion in simulated body fluids (SBF), which indicated that it had good biological activity. However, there were many defects, such as pores, cracks and so on. Pei [27] prepared a functional gradient carbon nanotubes/hydroxyapatite coating on the surface of a Ti substrate by laser cladding. The hardness of the coating surface was about 280.5 HV; this gradually increased with an increase in coating depth, with a maximum value of 433.5 HV, but decreased to the hardness of pure titanium (153 HV) in the transition zone. With the addition of carbon nanotubes, the hardness of the coating increased to nearly twice that of the pure hydroxyapatite coating, while exhibiting similar biological activity to a pure hydroxyapatite coating. Bioactive ceramic coatings prepared by laser cladding generally have too many defects, such as cracks and pores, due to the difference between the thermal properties of bioactive ceramic materials and Ti alloys. At the same time, the mechanical properties of the coating only remain in the hardness level, and the coatings are prone to wear. It is necessary to resolve these issues by improving the preparation process of the coating, thereby improving the performance of the coating.



In this paper, a multilayer Ca/P bio-ceramic coating on a Ti6Al4V surface prepared by laser cladding is proposed. The interface between the bio-ceramic coating and the Ti alloy should yield a good bonding strength, while the surface layer of the coating should display good bioactivity and a reasonable wear resistance. A multilayer powder layer was designed and preplaced on the Ti alloy surface as precursor, which included a transition powder layer and a bioactive powder layer. The transition powder layer was mixture of 50 wt% HA and 50 wt% Ti powder with a similar linear expansion coefficient and elastic modulus, while the bioactive powder layer was 100 wt% HA powder which was rich in calcium and phosphorus. A laser cladding technique was used to prepare the multilayer Ca/P bio-ceramic coating on the surface of the Ti alloy. Finally, the biological properties of the multilayer Ca/P bio-ceramic coating, e.g., biocompatibility and bioactivity, were investigated, and the mechanism of bioactivity was analyzed.




2. Materials and Methods


2.1. Experimental Materials


Ti6Al4V plates (Baoji Inite Medical Titanium Co. Ltd., Baoji, China), 30 mm long, 15 mm wide and 4 mm thick, were used as a substrate. The precursor powder materials used in the laser cladding were HA powder (particle size 80–85 μm, purity ≥ 99.9%, Shanghai Naiou Nano Technology Co. Ltd., Shanghai, China) and Ti powder (particle size 5–8μm, purity ≥ 99.9%, Shanghai Naiou Nano Technology Co. Ltd., Shanghai, China). In order to reduce cracking and other problems caused by the huge difference in the thermal expansion coefficient between the coating and substrate [28], a preplaced multilayer powder was designed, which was divided into a transition powder layer and a bioactive powder layer. The transition powder layer was 50 wt% HA and 50 wt% Ti mixed powder (represented by HT in the equations below), while the bioactive powder layer was 100 wt% HA powder. The design of the multilayer powder on each sample is shown in Table 1. Table 2 lists the thermo-physical parameters of Ti6Al4V, Ti, HA, and HT. The thermo-physical parameters of HT were calculated as follows [29]:


MH +MT = 1



(1)






VT = MT/ρT



(2)






VH = MH/ρH



(3)






VH + VT = 1



(4)






LtHT = LtH(1 − VT) + LtTVT



(5)






CpHT = CpH(1 − MT) + CpTMT



(6)






ρHT = ρH(1 − MT)+ ρTMT



(7)




where M, V, ρ, Lt, Cp represent mass fraction, volume fraction, density, linear expansion coefficient, and specific heat capacity, respectively. The subscripts H, T and HT are abbreviations of HA, Ti and HA/Ti mixed powder, respectively. Table 2 shows that the difference in the linear thermal expansion coefficient between HT and Ti6Al4V is less than that between HA and Ti6Al4V, and therefore, that the preplaced multilayer powder facilitates the binding of the coating to the Ti alloy substrate.




2.2. Laser-Cladding Setup and Process


The laser cladding setup adopted in this paper is shown in Figure 1. The process required a laser system, a motion-control system, a computer-control system and auxiliary devices in the laser cladding system. The most important components were the RFL-500 medium power fiber laser (Wuhan Raycus Fiber Laser Technology Co., Ltd., Wuhan, China) and the BT-230 laser head (Raytools AG, Oberburg, Switzerland), which were connected through a QBH standard connector. The motion platform and laser cladding parameters were controlled by a computer. The two-dimensional movement of the sample was achieved by the motion platform, which made it possible to produce multitrack cladding. Auxiliary devices such as an argon protection device and a water-cooling device made the process more stable.



The surfaces of the Ti alloy substrates were polished with 100#, 240# or 600# SiC polishing film to remove the oxide layer, and then cleaned using an ultrasonic cleaner in ethanol or deionized water. The process of preplacing the multilayer powder on the substrate was as follows. First, 0.1 g HT powder was mixed with the sodium silicate binder, stirred evenly, and preplaced on the surface of the substrate to form a transition powder layer. It was then left to dry naturally for 15 min. Second, 0.2 g HA powder was mixed with the sodium silicate binder and preplaced on the surface of the transition powder layer to form an active powder layer. The total thickness of the multilayer powder was about 0.8 mm. Third, the sample with the preplaced multilayer powder was placed on a heating platform (60 °C) and dried for 30 min.



The sample with the multilayer powder was placed in the laser cladding system, as shown in Figure 1, to fabricate the bioactive coating using the laser cladding process. Based on a large number of previous experimental tests, a set of optimized laser cladding process parameters was applied, as follows: laser power of 400 W, scanning speed of 3 mm/s, spot diameter of 2 mm, lap rate of 30%, and argon flow rate of 10 L/min. Figure 2 shows the laser cladding process for the preparation of the multilayer Ca/P bio-ceramic coating.




2.3. Microscopic Analysis of the Coating


2.3.1. Phase Test of the Coating


After cladding, the sample was placed in deionized water and cleaned with an ultrasonic cleaner. The surface phases of the coating were analyzed using Advance D8 X-ray diffraction (Bruker, Berne, Switzerland). X-ray scanning was performed using Cu/Kα radiation, a tube voltage of 40 kV, a tube current of 40 mA, a scanning speed of 2°/min, and a repetition accuracy of 0.001°; the test was performed in the range of 20° to 75°.




2.3.2. Microstructure Test of Coating


The sample was cut to a size of 15 mm × 6 mm × 4 mm along the direction perpendicular to the laser scanning direction. The sample section was polished and corroded with an etching agent (HF:HNO3:H2O = 2:5:93) for 15 s. A MIRA3 field emission scanning electron microscope (SEM, Tescan, Brno, Czech Republic) and an energy spectrum analyzer (EDS, Oxford Inc., Oxford, UK) were used to observe the surface morphology and test the elemental composition of the coating.





2.4. Biological Test of Coating


2.4.1. Biocompatibility Test


The biocompatibility of the ceramic coating was evaluated by a cell culture test in vitro. The cells used were MG-63 human osteosarcoma cells (Cellular Biology Institute, Shanghai, China). The medium used was a mixture of 10% fetal bovine serum (GeminiBio FoundationTM, West Sacramento, CA, USA), 1% penicillin/streptomycin (Regen Biotechnology Co. Ltd., Beijing, China) and 89% DMEM low-glucose medium (CellGro-Mediatech Inc., Manassas, VA, USA). The test was conducted in a thermostatic incubator (Thermo Fisher Scientific, Waltham, MA, USA) at a temperature of 37 °C and a carbon dioxide concentration of 5%.



In this test, the Ti6Al4V substrate was used as the control, and the test sample size was 10 mm × 10 mm × 4 mm. First, the samples were sterilized in a high temperature sterilizer (121 °C, 25 min). Then, the sterilized samples were placed into 24-well plates, and each was inoculated with 9000 cells per 1.5 mL. The constant temperature incubation periods were 1 day, 3 days, or 5 days (The culture medium was replaced every 48 h). The number of samples was six per culture cycle. The cell morphology and cell diffusion were observed using a MIRA3 TESCAN field emission scanning electron microscope. Based on the MTT cell count method, the cell proliferation of the samples was determined using a Spark 10 M enzyme linked immunoassay (TESCAN, Brno, Czech Republic).




2.4.2. Bioactivity Test


The bioactivity of the Ca/P ceramic coating was evaluated by a simulated body fluid (SBF) immersion test. Table 3 presents the recipe of the SBF solution used in the test [30].



The test sample size was 10 mm × 10 mm × 4 mm, and the Ti6Al4V substrate was also used as the control. The volume of SBF solution required for the immersion of the sample was calculated using the following Equation (8) [31]:


S/V = 0.05 cm−1



(8)




where S is the coating immersion area and V is the volume of SBF solution.



The duration of the SBF immersion tests were 6, 12, 24, and 48 h. An ICAP7400 inductively coupled plasma emission spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to detect the concentrations of Ca and P in the solution for each immersion period. The number of replicates for the ICAP test was three, and the average value of the three tests was considered the final value. After 48 h of immersion, the morphologies of the coating surface were observed by MIRA3 field emission scanning electron microscopy (Tescan, Brno, Czech Republic); the elemental composition of deposition zone on the coating surface was analyzed by energy dispersive spectroscopy (EDS, Oxford Inc., Oxford, UK), and the phases of the deposition zone on the coating surface were analyzed by micro-area diffraction (Rigaku Rapid IIR, Akishima City, Tokyo, Japan).





2.5. Mechanical Properties Test of the Coating


2.5.1. Microhardness Test


A HVS-1000Z automatic digital Vickers hardness tester was used to measure the microhardness of the coating section. The load was 1.96 N and the load retention time was 20 s. The hardness of different areas along the depth direction of the coating section was measured. The hardness in the same depth direction was tested three times, the average of which was taken as the final value.




2.5.2. Wear Resistance Test


A TRB3 pin-disc friction and wear tester (Anton Paar, Graz, Austria) was used to test the friction and wear properties of the coatings. The grinding pair used in the test was an Al2O3 ceramic ball (diameter: 6 mm; hardness: 1650 HV0.2). The wear resistance test parameters are listed in Table 4. At least three wear tests were performed for each test condition. The wear volume of the coating could be obtained by observing the abrasion contour with a VHX-5000 Ultra-depth microscope, and then applying Equation (9).


Vs = 2πr · A



(9)




where Vs. represents the wear volume, A is the wear area of the wear contour curve (mm2), and r is the rotation radius of the grinding ball (mm).






3. Results and Discussion


3.1. Microstructure of the Coating


3.1.1. Phases of the Coating Surface


Figure 3 shows the X-ray diffraction pattern of the top surface of the multilayer coating fabricated by the laser cladding process. The corresponding diffraction peaks, crystal planes and phase mass fractions (RIR method) are listed in Table 5. It is seen that the coating was mainly composed of Ca2P2O7, CaO, and CaTiO3. Among these compounds, Ca2P2O7 can achieve osseous binding with bone tissue after implantation in the human body, and its binding strength is proportional to implantation time; additionally, it shows good biocompatibility and bioactivity [32]. CaO is one of the components of bioactive glass. Bioactive glass has good bioactivity, biocompatibility, and degradability, and is widely used in dentistry, orthopedics, and as a drug carrier [33]. In addition, CaTiO3 has high hardness and superior mechanical properties, and is also used as an intermediate material to improve the adhesion between bioactive substances and metals [34,35].



The formation process of new phases of CaO, Ca2P2O7, and CaTiO3 is as follows. Under irradiation via a high-energy laser beam, a molten pool is formed on the surface of the preplaced powder layer. The HA powder then begins to decompose, releasing water vapor and forming Ca3(PO4)2 and CaO. Through the process of heat conduction and convection, the HA powder in the transition layer also decomposes and melts into the molten pool, while elemental Ti in the transition layer and the titanium alloy substrate also enter the molten pool. Ti is a rather reactive element, and reacts with HA and its decomposition products, generating CaTiO3, CaO, Ca2P2O7, and other compounds. The specific reaction equations are as shown as (10)~(16) below [35,36,37].



The formation mechanism of CaO, Ca2P2O7, and CaTiO3 can be qualitatively analyzed by calculating the Gibbs free energy (ΔGθ) of the reactions listed below. According to the thermodynamic manual of inorganic materials [38], the Gibbs free energy (ΔGθ) of reactions (10)–(16) can be obtained as shown in Figure 4. The Gibbs free energies (10)–(16) are all negative after the temperature reaches 1100 K, which proves that the above reactions can occur spontaneously when the temperature reaches that point. Among them, reactions (10), (11), (15) occur most readily, all of which yield Ca3(PO4)2. It was shown that HA decomposes easily and reacts at high temperature, which is the main reason for the low HA content in the cladding coating. In addition, as one of the decomposition products of HA, Ca3(PO4)2 will continue to react with Ti to form CaTiO3 and CaO. Therefore, the final compositions of coating surface are mainly CaO, CaTiO3, Ca2P2O7.


   Ca 10    (  PO 4   ) 6    ( OH  ) 2     →  1529.1 K     3  Ca 3    (  PO 4   ) 2  + CaO +  H 2  O  



(10)






2Ca10 (PO4)6 (OH)2+ 5Ti → 5CaTiO3 + 5CaO + 2Ca3 (PO4)2 + 2Ca2P2O7 + H2O



(11)






2Ca3 (PO4)2 +2Ti → 2CaTiO3 + 4CaO + P4O6 ↑



(12)






2Ca2P2O7 + 2Ti → 2CaTiO3 + 2CaO + P4O6 ↑



(13)






P4O6 + 3Ti → 3TiO2 + 4P



(14)






Ca10 (PO4)6 (OH)2 + TiO2 → CaTiO3 + 3Ca3 (PO4)2 + H2O



(15)






CaO + TiO2 → CaTiO3



(16)








3.1.2. Phases of the Coating Section


Figure 5a shows the cross-section morphology of the Ca/P ceramic coating prepared by laser cladding. The coating consisted of two layers corresponding to the preplaced multilayer powder. Figure 5b shows the microscopic morphology of the bioactive layer (BL), which is mainly composed of dendritic granular grains. According to XRD (Figure 3) and EDS energy spectrum analyses, the phase composition of the granular grains was CaTiO3. Figure 5c shows the microscopic morphology of the transition layer (TL), which was mainly composed of rod-like grains surrounded by a Ti matrix. Figure 6 shows the X-ray diffraction pattern of the transition layer in the coating. The corresponding diffraction peaks, crystal planes and phase mass fractions (RIR method) are listed in Table 6. According to the EDS energy spectrum analysis, the rod-like grains were composed of Ti and P. According to the X-ray diffraction of the transition layer, their corresponding diffraction peaks and crystal planes, and the Ti-P binary phase diagram (as shown in Figure 7), it can be seen that the rod-like crystals were eutectoid products of Ti3P and Ti.





3.2. Biological Properties of the Coating


3.2.1. Biocompatibility


Figure 8 shows the cell morphology of MG-63 cells cultured on the substrate (control group) and the coating surface for 1 day, 3 days, and 5 days. The biocompatibility of the coatings could be evaluated by comparing the morphology and number of cells on the surface of the substrate and coating. After 1 day of culture, the cells began to spread and adhere to the surface of the substrate and coating, and showed a spindle shape. After 3 days of culture, the number of cells on the surface of both the substrate and coating increased significantly, and the cells began to appear pseudopodia, which may have promoted cell adhesion and migration [39]. After 5 days of culture, the number of cells on the substrate and coating was further increased, and the cells were tiled on the surfaces.



Figure 9 shows the quantitative statistics of the active MG-63 cells after 1, 3, and 5 days of culture on the surface of the substrate and coating. From a statistical point of view, there was no significant difference in the number of cells between the Ca/P ceramic coating surface and the substrate surface, indicating that the prepared Ca/P ceramic coating also had good biocompatibility.




3.2.2. Bioactivity


Figure 10 shows the micromorphology of the deposition on the Ti6Al4V surface (control group) and Ca/P ceramic coating surface after immersion in simulated body fluid (SBF) for 48 h. The bioactivity of the coatings was evaluated by comparing their ability to induce deposition of apatite layers in simulated body fluids. Figure 10a shows that there was only a little bit of granular deposition on the Ti alloy surface. Spectrum A shows that particle A comprised a granular deposition composed of Ca, P, O, and other elements, in which the atomic ratio of Ca to P was 1.41. Spectrum B shows that particle B was composed of Ca, C, and O, while no P was detected. Except for the deposition of a small number of particles, there was no obvious change on the Ti6Al4V surface before and after immersion. Figure 10b shows the micromorphology of the deposition layer on the surface of the Ca/P ceramic coating. The deposition layer was composed of a large number of spherical particles, which is a characteristic morphology of apatite [26,40]. Spectrum C and D show that the deposition layer was composed of Ca, P, and O, in which the atomic ratios of Ca and P were 1.7 and 1.36, respectively. To further prove the existence of apatite, the phases of the coating surface were detected before and after immersion, as shown in Figure 11. The CaO phase in the coating disappeared after immersion, and the diffraction peak intensity of Ca2P2O7 decreased. In addition, the ceramic coating surface did not have an HA phase before immersion, while the deposition layer of ceramic coating did after 48 h of immersion, indicating that the coating could induce the deposition of apatite.



Figure 12a,b show the concentration fluctuations of Ca and P in the immersion solution and the variation rate of these elements throughout the immersion period, respectively. Each point in Figure 12a is the average value of the Ca or P concentrations obtained from three ICAP tests. The average value was used to obtain the variation rates of Ca and P, as shown in Figure 12b. As shown in Figure 12a, during the immersion period of 0–12 h, the concentration of Ca in the coating immersion solution was higher than that of the SBF standard solution, while the concentration of P was lower than that of the SBF standard solution, indicating that the dissolution of the coating phase and the precipitation of solution element occurred simultaneously at this stage, and that the dissolution rate of Ca was higher than the precipitation rate. In contrast, the dissolution rate of element P was less than the precipitation rate. During the immersion period of 12–24 h, the deposition rate of the solution was higher than the dissolution rate of the coating, which was reflected by the decrease of the concentrations of Ca and P in the solution. During the immersion period of 24–48 h, the deposition rate of the solution was less than the dissolution rate of the coating, as reflected by the increase in the concentrations of Ca in the solution. There are two possible reasons for the increase of Ca ion concentration at 48 h. On the one hand, apatite deposition is a dynamic process that occurs simultaneously along with dissolution and precipitation [41]. On the other hand, in the process of apatite-induced deposition, some intermediate products are produced, including ACP amorphous apatite, ACPP amorphous calcium pyrophosphate, etc. These intermediate products are precursors of HA, which may release Ca ions during the process of conversion to HA. The hydrolytic conversion of amorphous calcium phosphate into apatite accompanied the sustained release of calcium and orthophosphate ions [42,43]. However, during the immersion period of the Ti6Al4V alloy, the concentrations of Ca and P in the solution continued to decrease slowly, and the Ti6Al4V alloy did not show any ion exchange with the SBF solution.



Figure 12b shows the variation rates DC and DP of Ca and P ions in the solution during the immersion process of the Ti6Al4V substrate and coating:


DPn = Pn+1 − Pn/Pn



(17)






DCn = Cn+1 − Cn/Cn



(18)




where DPn is the variation rate of the concentration of P ions in the period from tn to tn+1, and DCn is the variation rate of the concentration of Ca ions in the period from tn to tn+1. Time t1, t2, t3 and t4 correspond to 6 h, 12 h, 24 h and 48 h, respectively. It can be seen from Figure 12b that ion exchange occurred between the coating and SBF solution during the immersion period, while the Ti6Al4V alloy did not show ion exchange with the SBF solution. In addition, the variation rates of the Ca and P concentrations in the coating immersion solution were much higher than in the Ti6Al4V alloy immersion solution, that is, the deposition rate of elements in the coating immersion solution was higher than in the Ti6Al4V alloy immersion solution. This is consistent with the SEM observation that less deposition had occurred on the surface of the Ti6Al4V alloy, while significant apatite deposition had occurred the coating surface.



Therefore, according to the ICAP, SEM, and XRD test results, it can be concluded that the Ca/P ceramic coating has the ability to induce hydroxyapatite, and has good bioactivity, while the titanium alloy substrate has no biological activity. This is attributed to the fact that only one deposition mode occurred during the immersion period of the titanium alloy, i.e., component nucleation, while two deposition modes occurred during the immersion period of the coating, i.e., component nucleation and structure nucleation.



During the immersion process of the titanium alloy, due to the molecular movement of saturated Ca2+ and   PO 4  3 −    in SBF solution, the solution locally reached the nucleation site of the components, and then the component nucleation deposits; however, the deposition was slow, so there was far less deposition on the surface of titanium alloy. However, during the immersion process of the coating, active substances CaO and Ca2P2O7 formed nucleation sites containing -OH on the surface of the coating through hydrolysis, promoting the adsorption of Ca2+ and   PO 4  3 −    in succession, and inducing the nucleation and growth of apatite, that is, structural nucleation deposition. At the same time, the Ca2+,   PO 4  3 −   , and OH− dissolved in the coating reached a supersaturated state in the solution, accelerating the movement of molecules and allowing the solution to more rapidly reach the nucleation sites of the components, so that apatite component nucleated out, as shown in Figure 13. Thus, after immersion for 48 h, an apatite deposition layer formed on the surface of the coating. The dissolution and precipitation equations are as follows [40,44,45]:


CaO + H2O → Ca2+ + OH



(19)






Ca2P2O7 + H2O → Ca2+ + PO43



(20)






OH− + Ca2+ + PO43− → Ca10(PO4)6(OH)2



(21)









3.3. Mechanical Properties of the Coating


3.3.1. Microhardness


Figure 14 shows the microhardness distribution of a ceramic coating section in the direction of depth. In the direction of depth, the sample can be divided into three regions: a coating zone (BL, TL), heat affected zone (HZ) and substrate zone (TS). In the coating area, the bioactive layer (BL) thickness was about 0.2 mm, the average microhardness was 440 HV0.2, the transition layer (TL) thickness was about 0.4 mm, and the average microhardness is 889.75 HV0.2. The thickness of the heat-affected zone with an average microhardness of 655.67 HV0.2 was about 0.3 mm, and the microhardness showed a decreasing trend within this range. The average microhardness of the substrate is 340 HV0.2. The results show that, compared with the substrate, the microhardness of the bioactive layer and the transition layer had increased by 24.1% and 161.7%, respectively. This was due to the formation of the hard phase CaTiO3 in the bioactive layer and the eutectoid products Ti3P and Ti in the transition layer. This indicates that the coating not only ensured good biocompatibility and bioactivity, but also achieved a significant improvement in hardness compared with the Ti6Al4V substrate and the related coatings, as reported by Bajda et al. [9] and Pei.




3.3.2. Wear Resistance


The wear contour curves of the Ti6Al4V alloy (control group) and coating are shown in Figure 15a, and the wear volumes taken from three repeated tests are shown in Figure 15b. The friction and wear properties of the coating can be evaluated by analyzing the wear contour and volume of both the coating and Ti6Al4V alloy. The average wear-section width and depth of the Ti6Al4V alloy were 1570 μm and 44 μm, respectively, and that of the coating were 1190 μm and 35 μm, respectively. The wear volume of the Ti6Al4V alloy was 0.829 mm3, while that of the coating was 0.471mm3. The variation of the wear volume conformed to the Holm-Archard wear law [46], that is, wear volume is inversely proportional to hardness. The results showed that the wear volume of the ceramic coating was reduced by 43.2% relative to the Ti6Al4V alloy, and therefore, that the ceramic coating had better wear resistance.






4. Conclusions


A multilayer Ca/P bioactive ceramic coating was prepared on the surface of a Ti6Al4V alloy by the application of a laser cladding technique. The biocompatibility and bioactivity of the coating were evaluated by in vitro cell culture and simulated body fluid immersion tests, respectively. The wear resistance of the Ca/P ceramic coating was evaluated by microhardness and wear tests. The main conclusions are as follows:



	
The multilayer Ca/P bio-ceramic coating was mainly composed of CaO, CaTiO3, Ca2P2O7, Ti3P, and other phases.



	
The multilayer Ca/P bio-ceramic coating exhibited biocompatibility equal to that of Ti6Al4V alloy, which is widely used in the field of medical implants.



	
The multilayer Ca/P bio-ceramic coating had good bioactivity in vitro, and could induce and deposit hydroxyapatite on its surface when immersed in SBF solution. Specifically, the coating showed obvious ion exchange during the immersion period, whereas the titanium alloy substrate did not.



	
The multilayer Ca/P bio-ceramic coating showed better microhardness and wear resistance than the Ti alloy substrate. Compared with the substrate (340HV0.2), the microhardness of the bioactive layer (440HV0.2) and the transition layer (889.75 HV0.2) increased by 24.1% and 161.7%, respectively. Additionally, the wear volume of the coating was 0.471 mm3, i.e., 43.2% less than that of Ti6Al4V alloy (0.829 mm3).
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Figure 1. Schematic diagram of laser cladding set-up. 
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Figure 2. Flow diagram of the laser cladding process. 
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Figure 3. X-ray diffraction pattern of Ca/P ceramic coating top surface. 
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Figure 4. Gibbs free energy of Equations (10)–(16). 
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Figure 5. (a) Microstructure morphology of Ca/P ceramic coating section (b) bioactive layer (c) transition layer. 






Figure 5. (a) Microstructure morphology of Ca/P ceramic coating section (b) bioactive layer (c) transition layer.



[image: Coatings 11 00891 g005]







[image: Coatings 11 00891 g006 550] 





Figure 6. X-ray diffraction pattern of the phase of the transition layer. 
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Figure 7. Ti-P binary phase diagram. 
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Figure 8. Morphology of MG-63 cells cultured on substrate (a–c) and coating (d–f) after 1, 3 and 5 days. 
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Figure 9. Quantitative statistics of active MG-63 cells after 1, 3, and 5 days of culture on the surface of the substrate and coating (ns stands for no significant difference). 
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Figure 10. Micromorphology of surface deposits of substrate (a) and Ca/P ceramic coating (b) after 48 h of immersion in SBF solution. 
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Figure 11. X-ray diffraction pattern of Ca/P ceramic coating before and after SBF immersion. 
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Figure 12. Concentrations of Ca and P in the immersion solution (a), the variation rate of the elements (b) during the immersion period of the coating and Ti6Al4V alloy. 
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Figure 13. Schematic diagram of coating induced deposition of apatite. 
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Figure 14. Microhardness distribution diagram of coating section along depth direction. 
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Figure 15. The wear contour curves (a) and wear volume (b) of Ti6Al4V alloy and coating. 
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Table 1. Table of preplaced multilayer powder.
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Layer

	
Mass Fraction/wt%

	
Weight/g




	
HA

	
Ti






	
The Transition Powder Layer

	
50

	
50

	
0.1




	
The Active Powder Layer

	
100

	
0

	
0.2
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Table 2. Thermo-physical parameters of Ti6Al4V, Ti, HA, and HT at room temperature.
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	Material
	Linear Thermal Expansion Coefficient

1/°C
	Melting Point

°C
	Specific Heat Capacity

J/(kg·°C)
	Density

kg/m−3





	Ti6Al4V
	9.41 × 10−6
	1646 ± 42
	520
	4430



	Ti
	8.8 × 10−6
	1688
	528
	4500



	HA
	13.3 × 10−6
	1923
	766
	3156



	HT
	11.446 × 10−6
	1923
	647
	3828
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Table 3. Preparation reagent and dosage of SBF per liter.
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	Order
	Reagent
	Dosage/g





	1
	NaCl
	8.035



	2
	NaHCO3
	0.355



	3
	KCl
	0.225



	4 a
	K2HPO4
	0.231



	5
	MgCl2·6H2O
	0.311



	6
	1.0 mol/L HCl
	39 mL



	7
	CaCl2
	0.292



	8
	Na2SO4
	0.072



	9
	Tris
	6.118



	10 b
	1.0 mol/L HCl
	0–5 mL







a K2HPO4 alternatives K2HPO4·3H2O. b HCl acts as a pH regulator to maintain a solution pH of 7.40.
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Table 4. Experimental parameters of the wear test.
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	Parameter
	Value
	Unit





	Load
	5
	N



	Temperature
	36.5 ± 1
	°C



	Wear time
	30
	mins



	Rotation radius
	3
	mm



	Rotation speed
	400
	r/min
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Table 5. The phases of the coating surface and their corresponding diffraction peaks, crystal planes, and phase mass fractions (RIR method).






Table 5. The phases of the coating surface and their corresponding diffraction peaks, crystal planes, and phase mass fractions (RIR method).





	
Phase

	
Pdf Card

	
Diffraction Peaks/Plane

	
Mass Fraction (%)






	
Ca2P2O7

	
09-0346

	
29.5°/[0 0 8]

	
7.5




	
CaO

	
82-1691

	
37.4°/[2 0 0]

	
64.2°/[3 1 1]

	
65.6




	
54.0°/[2 2 0]

	
67.4°/[2 2 2 ]




	
CaTiO3

	
65-3287

	
33.3°/[1 1 0]

	
59.5°/[2 1 1]

	
26.9




	
47.8°/[2 0 0]

	
69.9°/[2 2 0]
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Table 6. The phases of the transition layer in the coating and their corresponding diffraction peaks, crystal planes, and phase mass fractions (RIR method).
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Phase

	
Pdf Card

	
Diffraction Peaks/Plane

	
Mass Fraction(%)






	
Ti

	
89-5009

	
35.1°/[1 0 0]

	
63.1°/[1 1 0]

	
50.6




	
38.4°/[0 0 2]

	
70.7°/[1 0 3]




	
40.2°/[1 0 1]

	
76.3°/[1 1 2]




	
53.0°/[1 0 2]

	
77.5°/[2 0 1]




	
Ti3P

	
89-2416

	
37.1°/[3 2 1]

38.2°/[1 1 2]

40.4°/[4 0 1]

41.5°/[1 4 1]

	
44.4°/[2 2 2]

46.4°/[3 1 2]

70°6/[2 6 2]

	
49.4
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