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Abstract

:

Air plasma spray technique (APS) is widely used in the biomedical industry for the development of HA-based biocoatings. The present study focuses on the influence of powder homogenization treatment by high-energy ball milling (HEBM) in developing a novel hydroxyapatite-barium titanate (HA/BT) composite coating deposited by APS; in order to compare the impact of the milling process, powders were homogenized by mechanical stirring homogenization (MSH) too. For the two-homogenization process, three weight percent ratios were studied; 10%, 30%, and 50% w/w of BT in the HA matrix. The phase and crystallite size were analyzed by X-ray diffraction patterns (XRD); the BT-phase distribution in the coating was analyzed by backscattered electron image (BSE) with a scanning electron microscope (SEM); the energy-dispersive X-ray spectroscopy (EDS) analysis was used to determinate the Ca/P molar ratio of the coatings, the degree of adhesion (bonding strength) of coatings was determinate by pull-out test according to ASTM C633, and finally the nanomechanical properties was determinate by nanoindentation. In the results, the HEBM powder processing shows better efficiency in phase distribution, being the 30% (w/w) of BT in HA matrix that promotes the best bonding strength performance and failure type conduct (cohesive-type), on the other hand HEBM powder treatment promotes a slightly greater crystal phase stability and crystal shrank conduct against MSH; the HEBM promotes a better behavior in the nanomechanical properties of (i) adhesive strength, (ii) cohesive/adhesive failure-type, (iii) stiffness, (iv) elastic modulus, and (v) hardness properties.
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1. Introduction


In recent decades, biomaterials research has focused on the improvement of implant design features to accelerate bone healing as well as to provide support to the affected part of the human body. Metallic biomaterials like stainless steel (SS), titanium (Ti) and its alloys are widely used as artificial hip prothesis, bone, and dental implants due to their mechanical strength, excellent corrosion resistance, tensile strength, hardness, and durability [1,2]. One of the major problems associated with these materials is a poor implant fixation owing to the lack of osteoconductivity and osteoinductivity [2,3]. Moreover, metallic implants often get encapsulated by fibrous tissue prolonging the healing time and increase the risk of aseptic loosening [4]. Recently, surface modification in biomaterials has been more common in commercialized processes because the implant is the first part that interacts with the host tissue. Therefore, this modification is focused on promoting a better bio-interaction between the bulk material and the host tissue to prevent failures and promote the cell activity that occurs in the interface of biomaterials [5,6,7,8]. Numerous techniques have been elaborated to enhance the surface compatibility of implants with bone. Hydroxyapatite (HA Ca10(PO4)6(OH)2) and other calcium phosphates (CaPs) like tetracalcium phosphate (TTCP Ca4(PO4)2O) and tricalcium phosphate (TCP Ca3(PO4)2) are widely used to develop biomaterials like bone fillers, bone tissue engineering scaffolds, and bioactive coatings for implants [5,6,9,10,11,12,13]. One of the most striking properties of CaPs in orthopedic implants can enhance bone growth across the interface of the implant and the biological tissue promoting a natural fixation and reduce the use of types of cements. Furthermore, unlike the other calcium phosphates, the HA is a natural bioceramic, it is the major component of bone tissue and had a low solubility in contact with body fluids. In this manner, HA has gradually become an indispensably bioceramic used as a coating to promote a good biological response and a corrosion barrier for metallic substrates [11,12,13,14,15,16].



The atmospheric plasma spraying (APS) process is the most commonly used method for the commercial production of HA implants, some of the advantages of APS over other techniques are (i) the low cost, (ii) high deposition rate obtaining coatings with thicknesses greater than 100 microns in a matter of minutes, (iii) stronger bonding [5,10,15], and (iv) increased uniform bone ingrowth and/or on growth at the bone–implant interface [17]. However, during the plasma spray process, HA powder is subjected to high temperature and decompose to phases like TTCP, TCP, and CaO. These phases can have both a positive and negative impact on different properties [6,10,13,15,18]. Attempts are done to obtain bio composites with multifunctional properties and stronger bone grafting qualities. Different studies report the combination of HA with barium titanate (BT) to obtain HA/BT composites for scaffolds development and coatings shows a good cell interaction and promotes an osseo-integration [19,20,21,22,23,24,25,26].



High-energy ball milling, also called the mechanical alloying process, is widely used for developing new nanomaterials, alloys, quasicrystalline materials, and nanocomposites in powder form to produce new materials for diverse industrial applications, as aerospace, aeronautic, construction, automotive and biomedical industries. For the development of new biomaterials, high energy ball milling was used to produce new alloys and composites materials with better behavior than traditional processing materials, this technique has a high impact on mechanical, physicochemical, and biological properties, this technique performs a better phase homogenization in alloys and composites materials that improves these better behaviors [18,27,28]. The high-energy ball milling technique is simple and has a high potential to scale up to produce large quantities of coatings.



The work aims to optimize the feedstock homogenization processes to develop a novel HA/BT composite coating for its future application in orthopedic coated prothesis. Additionally, this research was carried out to determine the impact of the feedstock homogenization processes and the BT weight percentage ratio influence in phase distribution to enhance the bonding degree behavior. To assess this impact, the coating powder feedstock was treated by two routes: high-energy ball milling (HEBM) and mechanical stirring homogenization (MSH). To evaluate the effect of BT on the HA-based coating matrix, three different percentage weight ratios were used: 10%, 30%, and 50%.




2. Experimental Procedure


2.1. Powder and Processing


Pure synthetic HA (CAS# 1306-06-5) with a particle size around 35–60 µm procured commercially from CaP Biomaterials, LLC (East Troy, WI, USA) was used as the feedstock to develop coatings according to ISO 13997-2 (implants for surgery—hydroxyapatite, part 2: coatings of hydroxyapatite) [29], the minimum amount of HA phase in implant coatings shall be 50% mass fraction or greater. To analyze the influence of BT in the HA matrix the feedstock was prepared by blending different weight percent ratio (w/w%), as it describes in Table 1, of BT nanoparticles (CAS# 12047-27-7, US Research Nanomaterials, Inc, Houston, TX, USA), with particle size around of 180–220 nm. The different powder matrix was homogenized by two different methods: (i) mechanical stirring homogenization (MSH), and (ii) high energy ball mill (HEBM). For MSH, the powders were deposited in a flask and rotated for 1 h at 50 rpm at an angle of 50°. For HEBM, a high energy ball mill (SPEX 8000M, Metuchen, NJ, USA) was used. Zirconia stabilized with yttrium (YSZ 8% mol) balls were used as a grinding medium; the diameters of the grinding medium were 1 cm and 0.5 cm at a mass-ball ratio of 2:1; the grinding was carried into a nylamide vial for 25 min with 0.2 mL of alcohol as a control agent.




2.2. Substrate Preparation


The Ti6Al4V-extra low interstitial (ELI) grade titanium alloy was used as a substrate, in the form of disks with 18 mm of diameter and 3 mm of thickness. The samples were cut down in a low-speed precision cutting machine (IsoMet, BEUHLER, Lake Bluff, IL, USA) with a 4″ diamond wafering blade (MetLab Co., Niagara Falls, NY, USA) and polished with SiC emery paper of 180, 220, 400, 600 grit size. The substrate disks were then grit blasted with 700 µm alumina grits. After the superficial treatment the samples were cleaned in an ultrasonic bath with pure ethanol (JT Baker solution, Phillipsburg, NJ, USA) to remove the fat on the surface and then dried.




2.3. Plasma Spraying


Plasma spray deposition technique is the process of spraying a material in form of powder onto a surface to offer a coating. The material is added into a very high temperature plasma flame, where it is heated and accelerated to a higher velocity. Therefore, the melted particles collide onto the substrate surface. In this study, coatings were developed by PRAXAIR Surface Technologies plasma thermal spray equipment (SG100, Indianapolis, IN, USA). The coating process parameters employed are shown in Table 2. To determine the coating thickness, a micrometer was employed to measure the samples before and after the coating process. The thickness was around 180–200 µm. The measurements were confirmed by SEM in cross-section analysis.





3. Characterization


3.1. Crystal Phases Identification


X-ray diffraction (XRD) measurements were realized to identify the phases present in the different powder matrices and coatings. X-ray diffractometer BRUKER, D8 ADVANCE (Karslruhe, Germany), was used with Cu Kα radiation (λ = 1.5418 Å). The diffraction data were collected through Bragg–Brentano geometry over the range of 20° to 60° in 2θ. The acquisition rate was 0.02° in 2θ for 100 s. Match! Crystal impact software version 3.11 [30] was employed for phase identification.



The next step consists of determining the average apparent size and standard deviation using the Scherrer’s formula [31] for the HA and BT phase of the coatings. To model the peak shape, the Thompson–Cox–Hasting pseudo-Voigt axial divergence asymmetry function is considered in the profile fitting FullProf suite program [32]. For the refinement of the X-ray diffraction pattern, the instrumental resolution file (IRF) of the X-ray diffractometer was considered to perform the line broadening correction. The FWHM of the Gaussian (HG) and Lorentzian (HL) components of the peak profile have an angular dependence given by


   H G 2  = U      tan   2  θ + V    tan θ  + W +    I G      cos  2  θ    



(1)






   H L  = X    tan θ  +  Y   cos θ    + Z  



(2)




where V and W parameters are associated with the IRF. U and X parameters have a meaning in terms of strain. Y and IG parameters are in terms of apparent size. The refinement of X-ray diffraction patterns was displayed in the WinPlotR suite program [33] and plotted in OriginPro.




3.2. Morphology and Phase Distribution


The secondary electrons (SE) and backscattered electrons (BSE) image by the scanning electron microscope (SEM) HITACHI (SU3500, Naka, Japan) and field emission scanning electron microscope (FE-SEM) JEOL (JSM7401, Tokyo, Japan) were employed to acquire the micrographs of the primary powders and the different feedstock of HA/BT. For the analysis, powders were dispersed in a pure ethanol solution (JT Baker) by ultrasonic bath, then an aliquot of the solution was taken and deposited on a SiO.



The backscattered electrons (BSE) and elemental distribution by X-ray energy dispersion spectroscopy (EDS, Oxford Aztec, Abingdon, Oxfordshire, UK) techniques attached by the scanning electron microscope (SEM) HITACHI (SU3500, Naka, Japan), were employed to acquire the superficial and cross-section contrast image to determinate the HA/BT coatings phase and elemental distribution, respectively. For cross-section SEM analysis, the HA/BT coatings samples were sectioned through the same cutting process mentioned in the 1.2 substrate preparation section. The samples were then assembled into resin, submitted to metallographic preparation and polished with alumina.




3.3. Bonding Strength


The adhesion degree measure was performed in INSTRON, 3382 10 Ton universal testing machine according to the ASTM C-633 (Standard Test Method for Adhesion or Cohesion Strength of Thermal Spray Coatings) [34], the total adhesion of the coating was determinate, as well as the failure-type that might occur during the test. For the test configuration Ti6Al4V alloy fixtures were prepared by the same methodology described in the 1.2 section. The fixtures were then coated with HA/BT powders as stated in the 1.3 plasma spraying process. Conforming to the ASTM C633 test configuration the HA/BT coated fixtures were assembled with Armstrong Epoxy Adhesives (A12, ARMSTRONG PRODUCTS CO, North Billerica, MA, USA). For each sample a 0.030 inches per minute tensile load was applied meanwhile the maximum load was registered for a five-repetition assay.



After the adhesive strength assay, visual analysis was realized to identify the adhesive/cohesive failure behavior of the coating. Moreover, the coated fixture surface and the epoxy side fixture were analyzed by ImageJ software version 1.51j8 [35] in order to quantify the percent of adhesive/cohesive failure behavior.




3.4. Nanomechanical Properties


Nanomechanical properties such as stiffness (S), elastic modulus (E), and hardness (H) were evaluated using nanoindentation, using a Nano Indenter (Agilent technologies model G200, Chandler, AZ, USA) coupled with a DCM head. The equipment was calibrated using a standard fused silica sample. Tests parameters of area function were: C0 = 24.08, C1 = −177.29, C2 = 6724.23, C3 = −25,403.10, and C4 = 18,745.11. The coefficients or parameters of area function are constants that describe the deviation from the Berkovich geometry due to blunting at the tip [36]. Berkovich diamond indenter with a tip radius of 20 ± 5 nm was used to determine the elastic modulus, stiffness, and hardness. The loads were 0.3 and 5 mN. The strain rate of 0.05 s−1, harmonic displacement of 1 nm, frequency of 75 Hz, Poisson’s coefficient of ν = 0.36 were employed, and in arrangement matrix of 5 × 5 indentations with total of 25 measurements were recorded per zone. During indentation, a curve describing the relationship between load (P) and displacement (h) is continuously monitored, with the purpose of measure the nanomechanical properties of the composite samples. The Oliver and Pharr method with controlled cycles [36] was used. The basic analysis of nanoindentation load-displacement curve (P-h) was established based on the elastic contact theory given by Sneddon [37,38]. The elastic modulus was determined by the Sneddon equation’s as


  S = 2 β    A π     E r   



(3)




where β is a constant that depends on the geometry of the indenter (β = 1.034 for a Berkovich indenter), Er is the reduced elastic modulus, which accounts for the fact that elastic deformation occurs in both the sample and the indenter, and A is the contact area that is a function of the penetration depth or displacement (h) [36]. The elastic modulus, E, can be calculated by considering the compliance of the specimen and the indenter tip combined in series,


   1   E r    =   1 − υ  E  +   1 −  υ i     E i     



(4)




where Ei, E, and υi, υ are elastic modulus and Poisson’s ratio of diamond indenter and specimen respectively. For the diamond indenter Ei = 1140 GPa and υi = 0.07 are used (G200 Agilent manual, Agilent technology, USA, Chandler, AZ, USA). The hardness (H) was calculated using Equation:


  H =    P  m a x     A  ( h )     



(5)









4. Results


4.1. Powder Characterization


Figure 1 shows the SE micrographs of the primary powders and the respective histogram obtained from the particle size distribution analysis. The micrographs show a spheroidal and sub rounded particle morphology for synthetic HA and BT powders, respectively. ImageJ software was employed to measure the particle size from at least five SE micrographs. The histogram which contains 300 particle measure data were analyzed by Origin Pro software version 8.5 [39], LogNormal fit curve using the Levenberg–Marquardt iteration method was employed to determine the average particle size of the powders. The histograms obtained confirm that the average particles sizes of the commercial powders are around 47 ± 7 µm for HA and 201 ± 6 nm for BT.



Furthermore, representative HA/BT powders micrographs acquired by FE-SEM from the BSE signal, shown in Figure 2, exhibit the impact of the two powder homogenization processes. Figure 2a reveals that concerning the HA and BT primary powders the MSH process does not promote any change in morphology or particle size for the HA/BT powders. On the other hand, the HEBM homogenization process leads to particle size decreases only for the majority phase, which is the brighter one in Figure 2b. According to the 2c HEBM process histogram, the particle size average decreases about 7 ± 6 µm. In addition, despite the homogenization process and weigh percent ratio the BT nanoparticles maintains both morphology and size as Figure 2a,b show. Careful observation of the FE-SEM images exhibits that the BT phase presents some affinity for the hydroxyapatite surface, this phase tends to ‘encapsulate’ the HA particles.




4.2. Crystal Phase Identification


The XRD patterns of HA and BT primary powders presented in Figure 3, correspond to the HA (ID pattern 00-074-0556) and BT (ID pattern 00-081-2204) standard XRD peaks. Figure 3, shows the XRD patterns from the (a) MSH and (b) HEBM HA/BT powders homogenization process. For all the samples the peak broadness, intensities and positions agree with the HA and BT XRD peaks. XRD analysis from the HA/BT samples did not reveal other calcium phosphate, oxide or metallic phase formation owing to the different BT (w/w%) ratio or the homogenization process.



The X-ray diffraction patterns reveal that the MSH and HEBM process do not change the crystal structure, no generates a phase transition, or neither reaction between HA and BT during the homogenization process.



Panel a and b of Figure 4 display the Rietveld refinement of X-ray diffraction pattern (using profile fitting FullProf suite program) for HA and BT powders which exhibits the average apparent size of 42.6 ± 0.4 and 7.1 ± 0.1 nm, respectively.



X-ray diffraction patterns of the samples coated by plasma spray with different HA/BT powders homogenized by (a) MSH and (b) HEBM are shown in Figure 5. The XRD patterns clearly show that the sharp peaks corresponding to HA were broadened after the coating process for both HA/BT powders homogenization processes. In contrast with the HA/BT powder samples, with Match! Crystal impact software [30] was possible to detect the thermal degradation phases for the HA/BT coated samples, the intensities of these phases, the lattice plane (040) related to TTCP (¤ ID pattern 00-070-1379) phase, in addition the lattice plane (015) associated with TCP (● ID pattern 00-032-0176) phase. Finally, the lattice planes (111), (200), and (220) it corresponds to CaO (○ ID pattern 01-082-1690); the intensity of these degradation phases exceeds the background noise. In this manner, they can consider as a typical signal of a crystalline phase. Even with Match Crystal Impact, these signals are indexed with the corresponding ID patterns. The reported intensities are among the few signs that do not overlap with HA and BT signals.



Another side effect of the APS process was the crystallite size modification. Both homogenization processes showed a widening effect of the diffraction peaks, which indicates that phases suffered a crystallite shrinking effect of crystallite. The combination of different phenomena that occurs during the coating deposition such as: (i) the high-velocity collision of the particles, (ii) the high temperature reached by the droplets in contact to the plasma torch, and (iii) the quick solidification of droplets that takes place because of the rapid dissipation of heat to the substrate are some factors that promote the crystallite shrinking, amorphization, and as phases in APS deposition [40]. Origin Pro version 2018 [39] was employed to simulated Pseudo-Voigt fit curves by deconvolution method to determinate the FWHM for crystallite size calculation by Scherrer equation, coatings developed by MSH showed a crystallite shrinking effect, from 64 ± 3 nm to 29 ± 5 nm for HA phase, and 49 ± 3 nm to 21 ± 3 nm for BT phase; in case of coatings fabricated with the HA/BT powders homogenized by HEBM process the crystallite shrank to 21 ± 3 nm for HA and 23 ± 2 nm for BT; in case of HA phase in HEBM the shrinking effect it is major due to the contribution of plasma spray deposition and, as it shows in Figure 5b, the diminishing of the particle size caused by the HEBM process.




4.3. Image Analysis and Phase Distribution


HA/BT coatings superficial, cross-section, and their respective EDS elemental mapping images were obtained to evaluate the phase distribution. Figure 6 reveals the formation of brighter splats that corresponds to the agglomerated BT phase present in the surface of the coatings. In comparison with MHS coatings from Figure 6a,c,d, the samples developed with the HEBM powders exhibit more homogeneous phase distribution behavior as the Figure 6b,e,f BSE micrographs show. For low weight ratio concentrations (10% and 30%) the HEBM process promotes a BT low agglomeration in the HA matrix, the size of this splats is smaller than the splats formed in MSH coatings. Figure 6f shows that increase of BT concentration of 50 w/w% influences the increment and larger BT splats. On the other hand, for MSH coatings the BT phase agglomeration effect was observed, including from the low concentration of BT in the HA matrix. Figure 7 shows the cross-section BSE images, the Figure 7a,c,e reveals a large lamellar structure of BT splats formed in MSH coatings. In contrast against the MSH, in Figure 7b,d,f shows a more alternant and more compact lamellar structure formed in HEBM coatings. However in both homogenization methods, the increment of BT (w/w%) shows a enlarge effect of this lamellar structure. Besides for both methods in cross-section was observed the presence of cracks in the surface of the coatings (indicated with orange arrows in Figure 7), these cracks are typically formed during the plasma spray deposition due to high temperature reached and the quick heat dissipation of the coating. In contrast, in the interface of the substrate and the coating, the HEBM against MSH powder processing, promotes greater physical adsorption of the coatings with better mechanical interlocking behavior, does not demonstrate any coating-substrate interface fracture, as it indicated with light green arrows in Figure 7a,c,e, the MSH coatings show a poor mechanical interlocking property. Furthermore, for both methods it is possible to observe the presence of porosity and fractures in the coating region that are typically formed for HA-based coatings as a cause of the high temperature reached during the APS deposition process.



In Figure 8, shows the cross-section of the coating HA30BT by HEBM process, it is possible to see that the thickness of the coating was above 50 µm and under the 200 µm to guarantees long-term stability of the implant [41].



Figure 9 and Figure 10, show a representative for EDS elemental mapping for superficial and cross-section of the HA/BT coatings, in superficial and cross-section respectively; the BSE micrographs shows the brighter splats regions in the coating, according to elemental mapping these zones corresponds to the BT phase in the coatings.



For both configurations, the elements Ca, P, O, Ti, and Ba were detected. Concerning the results obtained from the superficial BSE images, the agglomerated phase (Figure 9 and Figure 10 selected region) corresponds mostly with Ti and Ba EDS signal. Thus, it can be inferred that the brighter splats are composed of the BT phase.



Figure 11 and Figure 12 shows both the BSE image and semiquantitative elemental analysis by EDS in the superficial section of the MSH and HEBM coatings. For both homogenization process, coatings show an increment in Ca/P molar ratio, as it sees in Table 3 for the semiquantitative elemental analysis by EDS. At the coating, only with HA the Ca/P molar ratio was 1.67 and the molar ratio of the coatings with BT shows an increment of the Ca/P molar ratio over to 2.00; according to XRD analysis, the increase in Ca/P ratio might due to the thermal degradation of HA to TCP, TTCP, CaO; and vaporization of P2O5 phase due to the high temperature reached during the plasma spray process. Both the ball milling processing and the amount of BT on the coating matrix promote greater thermal stability for the HA phase; also, coatings developed by MSH show higher values of Ca/P ratio than their homologous developed by ball milling. On other hand, the increasing amount of BT in the HA matrix shows a diminished the Ca/P ratio, this decrease in Ca/P ratio may be due to the BT phase promoting the thermal stability of HA.




4.4. Adherence


According to the analysis of adherence by ASTM C633 “Tensile strength assay” [34], presented in Figure 13 and Table 4 the coatings deposited with the powders homogenized by HEBM exhibit a better adherence degree behavior than the adherence values registered for the coatings developed the MSH feedstock; this behavior is related with a better phase distribution reached by homogenization process, as SEM micrographics (Figure 5 and Figure 6) show. In contrast with the pure HA samples, coatings developed with MSH powders present an increase in the adherence degree with values of 3%, 44%, and 10% (HA10BT S, HA30BT S, and HA50BT S respectively). However, for the coatings developed with powders HEBM feedstock the adhesive strength was increased 68%, 106%, and 87% (HA10BT BM, HA30BT BM, and HA50BT BM respectively) with respect to the pure HA coating. In both cases of the homogenization process, the maximum adherence detected correspond to 30 (w/w%) of BT in the matrix, which is a value of adherence above of the registered for the coatings composed by 10 and 50 (w/w%) of BT.



Figure 14 shows the visual analysis for the fixtures once subjected to the tensile strength assay for the different coatings. Based on the standard ASTM C633 the visual analysis allows to determinate a cohesive or adhesive-type failure for APS coatings. In base of the phase distribution evaluated with the BSE technique (Figure 6 and Figure 7, the most homogeneous phase distribution was obtained for the coatings developed by HEBM powders and exhibit mainly a cohesive-type failure, as Figure 13e–g images confirm. The failure occurs in the interface of the coating and in the epoxy side; the results of this analysis show a cohesive degree value of 85%, 89%, and 81% for HA10BT BM, HA30BT BM, and HA50BT BM coatings respectively. Furthermore, the coatings developed by MSH present an adhesive-type failure. This failure occurs in the interface of the substrate and the coatings, this is due to the poor mechanical interlocking properties of the coating. In Figure 14a for HA coating, b, c, and d for HABT´s coatings; demonstrate that the failure occurs the coating and the substrate interfaces with adherence values of 84%, 86%, 42%, and 75% for pure HA, HA10BT S, HA30BT S, and HA50BT S respectively.




4.5. Mechanical Properties


The Figure 15a,b is presented the characteristics curves load versus displacement into surface of the representative samples HA10BT-S and HA50BT-S in nanoindentation, synthesized by the method of stirring in solution. Figure 15c,d correspond to the HA10BT-MB and HA50BT-MB sample, synthesized by mechanical milling method. For example, for the samples with mechanical milling method, we can observe how the maximum deep of penetration in the sample with 10% BT content is around hmax = 65 ± 5nm, while in the sample with 50% BT it is hmax = 45 ± 3 nm. This is due to the reinforce of coating matrix by BT. On the other hand, coatings by MSH method (HA10BT-S and HA50BT-S) show a greater dispersion in the depth penetration or displacement in to surface than the samples prepared by HEMB (HA10BT-MB and HA50BT-MB), due that the phases in a HEMB present a better homogenization.



In Figure 16a,b, the elastic modulus and hardness are presented as a function of the composition or ratio of HA and BaTiO3 (BT). In these graphs we can clearly see how the elastic modulus and hardness increase with the BT ratio since this is a ceramic with mechanical properties greater than HA. Gaillard et al. and Sung-Soo et al. report, that the BT has elastic modulus values of 190 GPa with a tetragonal structure [42,43]; while Kumar et al. (2002) [44] report, that the pure hydroxyapatite has a hardness of 6.19 GPa and an elastic modulus of 125 GPa.



On the other hand, it is also observed how the HEBM powder preparation method shows greater homogenization and lower hardness and elastic modulus, due to the differences in mechanical properties of HA with respect to BT; that MSH method is more heterogeneous and the values are more marked for hardness and elastic modulus. Nanomechanical properties such as stiffness, elastic modulus and hardness evaluated by nanoindentation are presented in Table 5.



It is observed that applying the statistic ANOVA method in Origin Pro version 2018 [39], no significant difference is observed between the two homogenization methods (p > 0.05, null hypothesis is accepted). On the other hand, by means of the statistical analysis and the results, it found a significant influence in the mechanical properties related to the concentration of BT in the matrix of the coatings (p < 0.05, alternative hypothesis is accepted). As it shows in Figure 15 for the load vs. displacement curves for both homogenization methods at the same concentration, coatings present a similar behavior, the deep penetration of nanoindenter was around 65 nm. However, different behavior can be observed when changing of BT concentration for the same method due to the hardness of BT the penetration depth is less for both methods the deep penetration was around 45 nm.





5. Discussion


According to the standards the mechanical strength behavior, phase degradation and crystallinity of coatings is some of the main properties required for the development of HA-based coatings, some factors that influence these features were identified in this study. One of these factors was the BT concentration in the coating, it could be observed that the BT-phase behaves like a reinforcement material. As observed in the results, increasing the amount of BT in the matrix promoted a greater adhesive strength, stiffness, elastic modulus, and hardness. Another factor that had a high impact on mechanical properties like a bond strength behavior was the powder processing method, coatings developed by HEBM powder processing showed the highest values in this behavior, which is mainly due to a greater effect of BT distribution in the HA matrix and the greater mechanical interlocking achieved by HEBM powder processing, the maximum adhesion value achieved was 44 ± 2 MPa that it corresponds to HA30BT BM coating, this value is relatively close to that reported by Zhiguo et al. (2013) [45] (47.4 MPa) for a pure BT-based supersonic plasma spray coating and far above from the reported by Gadow et al. (2010) [15] (25 MPa) for HA coating applied by different thermal spray techniques. On another hand, according to the standard ASTM C633-08 [34] for visual failure analysis, coatings developed by the HEBM process shows a cohesive-type failure behavior, the cohesive failure results showed an 85%, 90%, and 81% for the coatings HA10BT BM, HA30BT BM, and HA50BT BM respectively. On another hand, coatings developed by MSH shows an adhesive type failure is predominant. This failure-type refers to the poor internal strength between the substrate and the coating, this failure type may endanger the prosthesis in case of the coating yielding; for another hand, as stated in coatings by HEBM may promotes a better failure behavior, a cohesive-type failure promotes an internal strength between the substrate and the coating, thusly the prothesis will not be endangered if the coating yields. According to these results, the 30 (w/w%) in the matrix was the maximum concentration that can be taken in a HA/BT composite material since at higher concentrations there is a decrease in mechanical properties such as adhesive strength behavior, this infers a Gauss distribution.



Through the XRD analysis for the coatings developed in this study (HEBM and MSH), the typical thermal degradation phases of the HA could be elucidated. As mention by Gadow, R. et al. (2010) [15], Kotian et al. (2019) [46], Heimann et al. (2013) [41], and Liao et al. (1999) [46], this phenomenon occurs due the high temperature reaches during the thermal spray deposition process. The HA decompositions start with the dehydroxylation that occurs in the range of 1173 to 1623 K, this tends to release functional group OH- from the crystalline forming oxy-hydroxyapatite (OHA). Reaching the temperature to 1620 to1758 K HA degradation results in TCP and CaO formation. Finally increasing the temperature over 1750 K TTCP and P2O5 start to form. In case of P2O5 phase, as reported by Heimann (2018) [47], is a rapid evaporative phase at this temperature.



Accordingly, coatings with a mass ratio of 50% are discarded for use as coatings for orthopedic prostheses, since they do not comply with the minimum established by the ISO 13799-2 standard [29]. According to the crystallite size calculation, for both methods MSH and HEBM, a crystallite shrinking effect occurs. This phenomenon is due principally to the plasma spray deposition. In the case of the HA phase in HEBM the shrinking effect is major due to the contribution of plasma spray deposition and the diminishing of the particle size in the homogenization process. As mentioned by Okasaki M. et al. (1992) [48] and LeGeros et al. (1993) [16], the crystallite shrank of HA may increase the solubility of HA based biomaterial and promotes a major activity with the medium; N. Ribeiro et al. (2010) [49] reports that HA crystallite size in order 10 nm had an important role in the adsorption of proteins that involve in cell activity; according to this, the crystallite shrank of the development of the coatings by HEBM may promote the cell growth activity.



In conjunction with the analysis of semiquantitative elemental spectroscopy using EDS, the change in the Ca/P molar ratio was determined. As reported by Chow L. et al. (2009) [6], Heimman R (2018) [47] and Lozoya D. et al. (2017) [50], the increase in Ca/P molar ratio in thermal sprayed HA-based coatings is due to the main presence of thermal decomposition phases like a TTCP, CaO, and the vaporization of P2O5 during the coating deposition. As it observed, HEBM in comparison to MSH coatings shows a slightly better increment in Ca/P molar ratio; it increased from 1.67 (HA value) to 2.1 for HEBM coatings and to 2.3 to MSH coatings. According to this, the better phase distribution reached by HEBM promotes a better thermal stability of the powders during the APS deposition.



As a relevant requirement of ISO 13779-2:2008 [29], the total amount of the CaO phase present must be relatively lower than TTCP and TCP. Unlike CaPs, and according to studies conducted by Mucalo M. et al. (2015) [10], CaO has an extremely high solubility in contact with the physiological environment, so a chronological action in a physiological medium could compromise the mechanical properties of the coating and cause failure. On the other hand, as specified by Surmeney et al. (2012) [5], the remaining CaO can be hydrolyzed by hydrothermal treatment; similarly Nimkerdphol et al. (2014) [51] report that the CaO phase in contact with the bodily fluid possible is hydrolyzed and transformed into a more stable compound such as calcium carbonate (CaCO3) or HA. According to the above, it could be observed that being treated by HEBM and increasing the concentration of BT in the matrix plays an important role in the thermal stability of the phase HA, so such treatment shows potential for application as a coating for orthopedic implants.



By contrast, to crystallite size analysis for the coating’s developed the APS parameters used promotes a crystallite shrank; as mentioned by Okasaki M. et al. (1992) [48] and LeGeros et al. (1993) [16], the crystallite shrank of HA may increase the solubility of HA based biomaterial and promotes a major activity with the medium; N. Ribeiro et al.(2010) [51] reports that HA crystallite size in order 10 nm had an important role in the adsorption of proteins that involve in cell activity; according to this, the crystallite shrank of the development of the coatings HEBM may promote the cell growth activity.




6. Conclusions


Regarding the homogenization treatments, the results show that the coatings developed by HEBM have a significant impact on the adhesive strength properties and their failure behavior. However, according to the statistical analysis for mechanical properties as a Young modulus and hardness, the HEBM homogenization process does not present great effect against MSH process.



Based on the results obtained with HEBM powders processing, and in accordance with the limitations of the percentage of phases established by ISO 13779-2 for the development of HA-based composite coatings, we find that the maximum BT concentration in HA-based coatings is close to 30 (w/w%). For further studies, the evaluation of coatings HA/BT based, a mass fraction closer to 30% may be considered.



As mentioned by the authors, the crystallite shrank observed in the developed coatings may promotes a better activity in the physiological environment and promotes the cell osteogenesis process.
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Figure 1. Primary powders SEM micrographs and the respective particle size histograms for: (a) and (c) HA, (b) and (d) BT. 
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Figure 2. HA/BT feedstock FE-SEM micrographs; (a) powder processing by MSH, and (b,c) powders processing by HEBM and their respective histogram. 
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Figure 3. XRD patterns of primary powders vs different HA/BT samples: (a) powders homogenized by MSH (S), and (b) powders homogenized by HEBM (BM). 
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Figure 4. XRD pattern (black dotted line, Yobs) for (a) BaTiO3 and (b) HA. Refinement analysis (red solid line, Ycalc) by the Rietveld method using the profile fitting FullProf Suite program. The horizontal (black solid line) represent the residual and the vertical lines (blue solid lines) are the Bragg positions. 
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Figure 5. XRD patterns of primary powders vs. different weight HA/BT mixes coatings: (a) coatings development using MSH obtained by homogenization process and (b) coatings development using high energy ball milling powder obtained by homogenization process. 
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Figure 6. Superficial BSE micrographs of coatings developed with; (i) MSH: (a) HA10BT S, (c) HA30BT S, and (e) HA50BT S; and (ii) HEBM: (b) HA10BT BM, (d) HA30BT BM, and (f) HA50BT BM. According to the BSE image signal acquisition the BT phase shows in white regions (identify in orange arrows) and HA as a continuous phase was in the gray zones. The typically fractures of the coating due to high temperature reached during the APS deposition and rapid cooling marked in blue arrows. 
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Figure 7. Cross-section BSE micrographs of coatings developed with (i) MSH powders; (a) HA10BT S, (c) HA30BT S, and (e) HA50BT S; and (ii) HEBM powders: (b) HA10BT BM, (d) HA30BT BM, and (f) HA50BT BM. The typically fractures of the coating marked by orange arrows, this due to high temperature reached during the APS deposition and rapid cooling. The light green arrows show the interface cracks due to poorly mechanical interlocking behavior. 
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Figure 8. Cross-section SEM micrography of HA30BT HEBM coating. 
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Figure 9. Typical SEM-BSE image in superficial section and corresponding EDS elemental mapping of Ca, P, O, Ti, and Ba of HA30BT coating performed with HEBM powders. 
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Figure 10. Typical SEM-BSE image in cross-section and corresponding EDS elemental mapping of Ca, P, O, Ti, and Ba of HA30BT coating performed with HEBM powders. 
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Figure 11. Superficial BSE micrographs and EDS spectrum of coatings development by MSH; ((a–c) HA10BT S, HA30BT S, and HA50BT S respectively). 
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Figure 12. Superficial BSE micrographs and EDS spectrum of coatings development by HEBM powder homogenization process (a–c) HA10BT BM, HA30BT BM, and HA50BT BM respectively. 
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Figure 13. Adhesive strength behavior of coatings development by MSH powder homogenization process and high energy ball milling powder homogenization process. Epoxy and HA as a comparative control. 
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Figure 14. Visual analysis for determination of cohesive/adhesive failure-type of coatings according to ASTM C633; (a) HA coating; (b–d) coatings development by MSH (HA10BT S, HA30BT S, and HA50BT S respectively); (e–g) coatings development by HEBM powder homogenization process (HA10BT BM, HA30BT BM, and HA50BT BM respectively). 
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Figure 15. Load versus displacement into surface characteristics curves for coatings method, (a) HA10BT−S, (b) HA50BT−S, (c) HA10BT−MB, and (d) HA50BT−MB. 
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Figure 16. Elastic modulus and hardness as a function of the BT/HA ratio and the powder preparation method (a,b) respectively. 
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Table 1. Nomenclature used for different weight percent ratio of HA-BT composite.
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Nomenclature

	
w/w% Ratio






	
-

	
HA

	
BT




	
HA

	
100

	
-




	
90H10BT

	
90

	
10




	
70H30BT

	
70

	
30




	
50H50BT

	
50

	
50
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Table 2. Air plasma spray (APS) parameters.
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Parameters






	
Primary gas, Ar (psi)

	
50




	
Secondary gas, He (psi)

	
110




	
Carrying gas, Ar (psi)

	
55




	
Voltage (V)

	
32




	
Current (A)

	
650




	
Distance (cm)

	
10




	
Powder feed (lb/hr)

	
2











[image: Table] 





Table 3. Semiquantitative composition of HA/BT coatings measured by EDS.
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	Sample
	Ca(%at)

±0.2
	P(%at)

±0.2
	O(%at)

±0.3
	Ti(%at)

±0.2
	Ba(%at)

±0.3
	Ca/P

Molar Ratio





	HA (pure)
	-
	-
	-
	-
	-
	1.69



	HA10BT S
	42
	14
	35
	2
	6
	2.23



	HA30BT S
	33
	12
	34
	6
	14
	2.15



	HA50BT S
	27
	11
	31
	9
	20
	2.02



	HA10BT BM
	42
	15
	33
	2
	7
	2.11



	HA30BT BM
	35
	12
	34
	6
	14
	2.08



	HA50BT BM
	28
	12
	31
	9
	20
	2.01
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Table 4. Adhesives strength values and standard deviation of samples.
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Sample

	
Adhesive Strength

	
Failure Type




	
Adhesive

	
Cohesive






	
Epoxy

	
68 ± 2

	
-

	
-




	
HA

	
21 ± 2

	
84 ± 4

	
16 ± 4




	
HA10BT S

	
22 ± 2

	
86 ± 7

	
14 ± 7




	
HA30BT S

	
31 ± 2

	
42 ± 10

	
58 ± 10




	
HA50BT S

	
23 ± 2

	
75 ± 5

	
25 ± 5




	
HA10BT BM

	
35 ± 2

	
15 ± 4

	
85 ± 4




	
HA30BT BM

	
44 ± 2

	
11 ± 2

	
89 ± 2




	
HA50BT BM

	
40 ± 3

	
19 ± 4

	
81 ± 4
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Table 5. Stiffness, elastic modulus, and hardness of samples evaluated by nanoindentation.






Table 5. Stiffness, elastic modulus, and hardness of samples evaluated by nanoindentation.





	Sample
	Stiffness, S (N/m)
	Elastic Modulus, E (GPa)
	Hardness, H (GPa)





	HA [42]
	-
	125
	6.19



	HA10BT-BM
	44165 ± 55
	105 ± 1
	7.1 ± 0.2



	HA30BT-BM
	47149 ± 45
	123 ± 2
	9.1 ± 0.3



	HA50BT-BM
	47881 ±44
	136 ± 3
	13.0 ± 0.5



	HA10BT-S
	49188 ± 56
	127 ± 3
	8.2 ± 0.9



	HA30BT-S
	46942 ± 34
	150 ± 2
	12.0 ± 0.3



	HA50BT-S
	47881± 47
	183 ± 3
	14.3 ± 0.8



	BT
	50503 ± 37
	190 ± 2
	15.0 ± 0.5
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