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Abstract

:

Ceramic coatings have a long history in the orthopaedic field, with plasma sprayed coatings of hydroxyapatite as leading standard in the manufacturing process; however, these coatings can contain secondary phases resulting from the decomposition of hydroxyapatite at high temperatures, which limit the lifetime of implants and their osseointegration. This work aims to produce coatings that can maximize bone osseointegration of metallic implants. In order to preserve the raw characteristics of hydroxyapatite powders that are thermally unstable, coatings were deposited by cold spray onto Ti6Al4V alloy substrates. In contrast with other thermal spray technologies, this process presents the advantage of spraying particles through a supersonic gas jet at a low temperature. On top of hydroxyapatite, carbonated nanocrystalline apatite was synthesized and sprayed. This biomimetic apatite is similar to bone minerals due to the presence of carbonates and its poor crystallinity. FTIR and XRD analyses proved that the biomimetic characteristics and the non-stoichiometric of the apatite were preserved in the cold spray coatings. The cold spray process did not affect the chemistry of the raw material. The adhesion of the coatings as well as their thicknesses were evaluated, showing values comparable to conventional process. Cold spraying appears as a promising method to preserve the characteristics of calcium phosphate ceramics and to produce coatings that offer potentially improved osseointegration.
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1. Introduction


Bone fractures and pathologies are important areas of study, especially as osteoporosis and osteoarthritis cases have steadily increased in recent decades. Worldwide, osteoporosis causes more than 8.9 million fractures per year—resulting in one osteoporotic fracture every three seconds—and half of the world’s population aged 65 years or older suffers from osteoarthritis [1,2]. Demographic growth and the ageing of people are major drivers of this steady increase, which is also impacted by accidents and the lack of sustained physical activities. According to a survey including 17 countries with a total population of 742 million people, total knee primary and revision surgeries alone are estimated at 1,183,000 per year: an average rate of 159 surgeries/100,000 people [3]. The replacement, repair, and restoration of defective bearing joints, teeth, or spines require an implantable medical device to help the patient quickly regain autonomy and mobility in a sustainable way. Implants must provide both mechanical functions (mechanical stress, wear, fatigue) and the continuity of biological functions (cell growth, tissue formation) over the long-term. In order to guarantee the mechanical resistance, metallic alloys are commonly selected for orthopaedic implants. To improve their biological properties and the corrosion resistance, bioactive coatings have been introduced on these implants since the mid-1980s. Several methods have been investigated, mainly concerning the thermal spraying of biocompatible materials, but also the electrochemical deposition, chemical vapor deposition, and dip coating [4,5,6]. The main limits of the latter two are the low thickness achieved and the limited mechanical properties [7,8]; therefore, the prevailing method to coat metallic orthopaedic implants remains to be the plasma spraying of stoichiometric hydroxyapatite, commonly known as hydroxyapatite (HA—Ca10(PO4)6(OH)2). Even though plasma spray HA is very effective as a bioactive coating, several cases of failure still occur due to fractures, infections, or the aseptic loosening of implants caused by fatigue due to repeated mechanical stress or poor ingrowth due to improper fit at the bone interface [9,10,11]. These failures have been attributed to the partial thermal degradation of hydroxyapatite by the plasma process leading to calcium phosphate phases that exhibit different dissolution rates; therefore, some authors have defined the ideal bio-properties required for a coating: biocompatibility, osteoinduction (recruitment and stimulation of stem cells to develop pre-osteoblasts), osteoconduction (promotion of osteoblasts), mechanical stability, and anti-microbial properties [12,13]. The materials that can match these properties are the calcium phosphate nanocrystalline apatites—the ones that are major constituents of bones. Over recent decades, various studies focused on the ways to synthesize those biomimetic apatites [14,15,16,17]. This synthetic biomimetic apatite is composed of nanosized crystals covered by a calcium phosphate non-apatitic hydrated layer containing labile ionic species [18,19]. This highly reactive biomimetic apatite is thermally sensitive. This is the reason why plasma spray is not suitable for implementing biomimetic apatite materials. Various wet processes have been explored to deposit a biomimetic apatite coating [20,21]. Unfortunately, there are still no commercially available processes to produce hydroxyapatite as well as biomimetic apatite. [13,14]



To cope with this challenge, the idea was to implement cold spray (CS) to produce biomimetic calcium phosphate coatings. CS is a coating deposition method based on the acceleration of solid particles by a supersonic gas jet (up to 1200 m/s) towards a substrate. Upon impact, powder grains split on the surface and they spread and stack due to plastic deformation to generate the coating; therefore, this technology is particularly suitable for plastically deformable materials (such as metals) [22,23,24]. In the literature, metal-ceramic mixtures (cermet) have already been tested to produce cold sprayed coatings [25,26,27,28], but few works concern pure ceramics [29,30]. The adhesion of the coating to the substrate is quite challenging, and due to their general fully elastic behaviour, the physical phenomena allowing ceramic coating formation are still uncertain. Some recent studies have demonstrated that the properties of powders and substrates have a strong influence on the feasibility of the coating, its cohesion, and its adhesion [31,32,33,34]. In particular, the powder must present an excellent flowability to avoid feed rate fluctuations and inhomogeneous deposits—particle shape and size distribution are thus major characteristics [32,35,36,37]. Regarding the substrate, the most impactive property seems to be hardness; hard substrates facilitate granular fractures by improving coating cohesion and deposition rate, whereas for softer substrates, adhesion prevails [33,38]. One of the main advantages of cold spraying, besides the reduced cost and energy consumption, is related to the low operating temperature—which significantly reduces most of the risks associated with common thermal processes used to coat implants, such as plasma spraying. Indeed, the high temperatures that characterize plasma spraying can generate secondary phases, such as: calcium oxide (CaO) resulting from the volatilization of phosphorous; α-tricalcium phosphate (αTCP); and tetracalcium phosphate (TTCP), which occurs due to the thermal decomposition of HA above 1500 °C. β-tricalcium phosphate occurs due to the cooling transition of α-TCP at 1000–850 °C [39]. All these phases can affect the coating homogeneity, its dissolution behaviour, and its adherence to bone. The lower temperatures characterizing CS guarantee the absence of deleterious evaporation phenomena, residual stresses or phase alteration [40,41,42].



The objective of this study was to validate the feasibility of producing stoichiometric hydroxyapatite and biomimetic apatite coatings by cold spraying, in order to maximize the adherence at the implant-bone interface and to reduce the integration time of the prosthesis. The main goal is to achieve thick and highly adhesive coatings in order to guarantee suitable performances for orthopaedic implants. Different powders were tested: two types of commercial stoichiometric hydroxyapatite, produced by different processes, and a carbonated Biomimetic Nanocrystalline Apatite (BNAc) synthesized in the laboratory. All the coatings were deposited on grade 5 titanium alloy (Ti6Al4V) plates, the most common alloy used for biomedical implants. Different surface pre-treatments were implemented and adjusted to the sprayed material. The microstructural characterizations of the cold sprayed coatings, as well as the thickness values achieved, were related to the raw powder properties, flowability, and particle size distribution. Furthermore, a mechanical analysis allowed for the evaluation of the adherence of the deposited coatings.




2. Materials and Methods


2.1. Feedstock Materials


The two commercial powders used in this study were both made of fully crystalline stoichiometric hydroxyapatite, produced by two different processes. The first, supplied by Teknimed SA—France, was sintered and crushed (SC), whereas the second, supplied by Medicoat AG—Switzerland, was spray dried and sintered, resulting in spherical agglomerates (AA). Their purity and crystallinity were verified by X-ray diffraction, whereas their stoichiometric ratio (Ca/P = 1.67) was verified by ICP chemical dosing. The BNAc was produced following the synthesis protocol that wasdeveloped and described by Cazalbou et al. [18].



The synthesis was obtained by precipitation into a pilot reactor involving two separated solutions, R1 and R2, whose compositions are listed in Table 1. Once all solid components are fully dissolved in R1 and R2, R1 is rapidly poured into R2, resulting in the following reaction:


8Ca2+ + 4PO43− + x HPO42− + y CO32− + z H2O → Ca8(PO4)4(x HPO4, y CO3), z H2O.











After 24 h of maturation, the solution is filtered through Büchner funnels, washed with deionized water and finally lyophilized during 72 h.



The resulting BNAc powders were ground and sieved to obtain batches of different size distributions.



Powder densities of SC, AA, and BNAc (before grinding) corresponds to 0.87, 0.54, and 0.19 g/cm3, respectively [5,43]. Powder acronyms and their main properties are listed in Table 2.



Laser-cut titanium alloy rectangular plates (55 × 75 × 1.6 mm) were used as substrates for the coatings. The alpha-beta titanium alloy Ti-6Al-4V—grade 5 was selected as the substrate material for its sufficient mechanical strength and corrosion resistance; its chemical composition is illustrated in Table 3.




2.2. Cold Spray


Coating deposition was produced at the Thermal Spray Centre (CPT) in Barcelona—Spain, using a low-pressure cold spray system, Dymet 423, using a de Laval nozzle. Air was used as a carrier gas to accelerate powders stored into a vibrating feeder, and heated to temperatures in the range of 100–500 °C. Gas pressure was maintained between 0.5 and 0.8 Mpa, corresponding to powder feed rates in the range of 3.5–4.7 g/min. The main spray parameters consisted of: a constant spray distance of 15 mm maintained for all coatings; a vertical step from 0.75 to 3 mm; and a scanning speed varied between 10 and 50 mm/s.



Two different types of sample preparation were tested on Ti6Al4V substrates: alumina sand-blasting at 250 mm/s scanning speed (air temperature varying from 25 to 200 °C) carried out with the same cold spray, and pre-coating with a plasma sprayed HA produced by 2PS—Projection Plasma Système company (Montbazens—France). Plasma spray underlayers were obtained using Ar-H2 plasma, with a 100 mm spray distance and a power of 30 kW.




2.3. Powder and Coatings Characterization


The powder particle size was measured using a MALVERN Mastersizer 3000 laser-based particle size analyser (Malvern Panalytical, Palaiseau, France), using the AERO S module under dry conditions. The powder was injected into the scanning area with a pressure of 0.1 Mpa after passing through a vibrating chute to break the agglomerates. The powders’ flowability was evaluated according to European Pharmacopoeia standard 01/2008:20915: this method consists of pouring 50 g of powder into a graded cylinder that is regularly tapped. After 10 and 1250 taps, the volume is registered in order to determine the corresponding density values, ρbulk and ρtapped, respectively, that allows the calculation of the compressibility or Carr’s Index (CI) [44], as shown in Equation (1):


CI = 100 × ((ρtapped − ρbulk)/ρtapped)



(1)







The flow character is considered ‘excellent’ if the CI is lower or equal to 15% [45,46]. Various microstructural analyses were performed on the powders and coatings for comparison: X-Ray Diffraction (XRD); Fourier Transform Infrared (FTIR) spectroscopy; and Scanning Electron Microscopy (SEM). The crystalline phases were identified by a BRUKER D8 GIXRD diffractometer (Bruker France, Champs-sur-Marne, France), equipped with a Cu anode (Kα = 1.5418 Å). Diffractograms were recorded in a 2θ range between 20–80°, with a step size of 0.02°, and an integration time of 5 s. The full-width at half-maximum (FWHM) was extracted from XRD data after the diffractogram fitting. The Scherrer equation [47] (Equation (2)) was used for an estimation of the crystallite size (D) for BNAc:


D = 0.94λ/βcosθ



(2)




where λ represents the wavelength of Cu K(α), β is the peak FWHM, and θ is the angle of the peak in degrees. Peaks at 2θ ≈ 25° and 2θ ≈ 40° were selected, corresponding to (002) and (310) crystallographic planes, in order to avoid peaks overlapping.



FTIR spectroscopy allowed the investigation of chemical bonds and functional groups using a Nicolet 5700 Thermo spectrometer (Thermo Scientific, Paris, France), providing spectra in the far-infrared region (400–4000 cm−1) by transmission mode with a 4 cm−1 resolution. Samples were prepared by dispersing powders and scratched coatings in dried potassium bromide pellets. Previously reported data [10] served as starting point for the positioning of each contributing band existing in this spectral domain: at 470 cm−1 corresponding to ν2 (PO43−); 530–534 cm−1 (non-apatitic HPO42−); 550 cm−1 (apatitic HPO42−); 560/575 cm−1/601 cm−1 (apatitic PO43−); 617 cm−1 (non-apatitic PO43−); 631 cm−1 (νL (OH−)); and 670 cm−1 (H2O libration mode).



The powders and coatings of the microstructures were analysed using a FEI Quanta 450 SEM (FEI Europe, Eindhoven, Netherlands) at low vacuum mode (chamber pressure between 80 and 100 Pa). The electron beam current intensity was maintained in the range of 0.04–0.1 nA and the high voltage was maintained between 10 and 12 kV. Energy Dispersive X-ray spectroscopy (EDX) analyses were performed using a high vacuum (pressure < 10−3 Pa), elemental maps were acquired with voltage in the range of 5–15 kV and a current intensity in the range of 4–6 nA. The thickness and the porosity of the coatings were analysed by image analysis using the software ImageJ. For the coating thickness, optical microscope (Nikon Eclipse MA200) images were used, and 3 thickness values were measured on 4–5 images to obtain an average value. For the coating porosity, SEM binary images were analysed using the Analyse Particles tool to measure all pore areas and the corresponding coating porosity (%). At least 3 images for each coating were analysed.



Mechanical tests were carried out to evaluate the coating adherence. The three-point bending test was performed in accordance with the ISO 14 679 standard. For this test, a stiffener is glued to the coating and the sample is loaded on the opposite side. The drop on the load vs. displacement curve (Figure 1-1) indicates the value of the critical load—it corresponds to the initiation of the detachment of the coating from the support. Then, the failure occurs, and finally, the third part of the curve (Figure 1-2) represents only the mechanical response of the substrate and is therefore not taken into account. The stiffener is cast using a mixture of AW134 resin and HY997 hardener, cured over 8 h. After the test, the stiffener is completely removed and the failure modes are analysed using SEM and EDX analysis to determine fractions of adhesive or cohesive failure.





3. Results


3.1. Powders Characterization


Figure 2 presents the particle size distribution of the four powders used to produce CS coatings and the corresponding volume distribution coefficients of Dv(10), Dv(50), and Dv(90). BNAc and SC powders exhibit a rather monomodal volume-based particle size distribution centred at 76 µm and 149 µm, respectively. In contrast, ground BNAc and AA powders have a multimodal particle size distribution. There is also a significant difference between the median particle size of the two commercially available powders; the Dv50 corresponds to 59.3 µm for the AA powder and 149 µm for the sintered one. In addition, the effect of the grinding treatment is highlighted: the median particle size value of the BNAc powder changes from 76.3 µm to 22.8 µm with milling. Powders were also analysed in terms of flowability, directly linked to their compressibility by the Carr Index. The resulting CI values are: 11.5% ± 0.9 for BNAc, 19.9% ± 1.3 for ground BNAc, 13% ± 0.5 for SC, and 10.1% ± 0.3 for AA, which means that the flowability is classified as ‘excellent’ for all powders except for the ground BNAc that is only ‘good’. SEM images (Figure 3 and Figure 4) show the microstructures of the powders. The sintered–crushed powder and the BNAc powder have similar irregular angular facetted shapes due to their manufacturing processes; conversely, the AA powder results in smaller powder grains with a regular spherical shape. Polished cross-sections of the particles were also observed by SEM: AA powders have a porous core, whereas BNAc and SC are fully dense and homogenous.




3.2. Powder-Coating Comparison


XRD and FTIR analyses allow for the comparison of the materials before and after cold spray. As expected, X-ray patterns presented in Figure 5 show the very high crystallinity of both commercial powders (given by the sharp X-ray peaks) and the poorly crystallized structure of the BNAc powder (given by the broad scattering profile). The BNAc powder and coating nano-crystallinity were verified through the Scherrer calculation of crystal size (D). In the case of BNAc powders, D values of 7.6 nm and 6.2 nm were found for the (002) and (310) crystallographic plans, respectively. For BNAc coatings, the crystal sizes for the same plans measured 6.9 nm and 5.4 nm. For the three samples, all the peaks match with those of hydroxyapatite (JCPDS reference n. 09-432 [18]) and no secondary phase is detected. The diffractograms of the three powders correspond well with the corresponding coatings, which indicates that the deposition process does not transform the crystalline structure and features of the raw powders.



FTIR analysis (Figure 6) confirms this result: there is a strong agreement between the spectra of the calcium phosphates before and after deposition. The main infrared absorption bands characterizing apatite (OH−, PO43− and HPO42) can be identified in all spectra in the 400–800 cm−1 wavenumber range corresponding to the ν2ν4 (PO4) and νL (OH) vibration modes of phosphate and hydroxide ions. The band at 1550–1350 cm−1 range corresponds with the ν3 vibrations of the carbonates (CO32−) contained in the biomimetic apatite. These bands are centred at ≈1410 cm−1 and ≈1460 cm−1, meaning that carbonates substitute at the phosphate (PO43−) sites, thus defining a B-type apatite (the presence of a band centred at ≈1530 cm−1 would have indicated the presence of an A-type apatite, where carbonates substitute at the hydroxide sites) [48].




3.3. Coating Microstructure and Adhesion


A series of experiments were performed in order to define the pre-treatments favouring the deposition of a coating made from one of the selected powders. To produce a coating from the BNAc powder, an underlayer is required. The best result was achieved using a plasma sprayed HA layer. To produce a coating from a commercially available powder (SC or AA powders), the sandblasting step was carried out using alumina powder with adjusted particle size distribution and the cold spray device. The microstructures of the coatings were observed by SEM. The polished cross-section images are presented in Figure 7 and Figure 8. The coating made with the BNAc powder (Figure 7) shows a heterogeneous thickness distribution varying from 60 µm to 120 µm. Its interface with the HA plasma sprayed coating is continuous and free of cracks or defects. On the other hand, the thickness of the HA coatings is quite homogeneous, around 35 µm, for a coating made from SC powder, and 20 µm, for the one produced with the AA powder. Thickness data are reported in Figure 9, the heterogeneity of biomimetic apatite coatings is confirmed by the high errors on its thickness value. AA and SC are 25–30% thinner compared with the BNAc layer. BNAc presents the lowest density, with a 40 ± 4% porosity, whereas SC and AA values correspond to 28 ± 5% and 28 ± 4% porosities, respectively.



Some cracks are detectable (especially for AA powder-based coating), and residual corundum grains or roughness due to sandblasting can generate defects at the interface. Furthermore, especially for these later coatings, the nanoparticles that are easily identified in the SEM images indicate that the initial powders are broken down into smaller particles. To establish when this breakage occurs, a spray test was carried out by directing the powder jet into a bin full of water (to soften the impact force). The powders were observed and their particle size was measured after being recovered. They retain the same shape and dimension after testing—this means that the powder breakage is not due to the applied gas pressure in the spray system, but it occurs once the particles hit the solid substrate, upon impact.



Bending tests not only provide a critical load, which characterizes the coating adherence, but they allow a comparison between different types of rupture. The data in Figure 10 provides evidence of a higher apparent adhesion for the SC powder-based coating, the failure of which occurs at a force of 69 N, whereas for the AA and BNAc powder-based coatings, the critical load is only 10% of that measured for the standard plasma sprayed coating (used as reference). Using EDX mapping on the fracture surface, three different propagation modes were detected: adhesive, cohesive, and mixed (Figure 11). Table 4 reports the element analysis of the post-mortems of the tested areas—the main elements which correspond to substrates are Ti and Al, while the elements representing the coatings are Ca and P. To assess the unstable crack propagation mode, a quantification of the Ca element in the post-mortem surface in EDX analysis was used. With less than 30% of the surface covered by Ca, the propagation is assumed to be adhesive, as over 70% of the remaining surface covered by the HA coating corresponds to a cohesive propagation mode, and the range between 30% and 70% corresponds to a mixed mode. A mixed failure propagation mode is found for the SC powder-based coating with 32% of the post-mortem tested area covered by HA, whereas a cohesive failure was evidenced for both AA and BNAc powder-based coatings, where only 7% and 1% of the coating was left on the surface after the test, respectively. An adhesive fracture was used for the plasma spray reference sample, with 80% of the coating removed during the test. The example of mixed failure propagation EDX mapping on the SC coating is reported in Figure 11, along with the scheme of failure modes (on the left). The lower part of mapping images corresponds to the imprint of the stiffener after breaking, and the upper part is the surrounding untested coated area. The presence of calcium and phosphor on the area covered by the stiffener corresponds to the fraction of the coating that remains attached to the support; however, the presence of titanium, aluminium, and vanadium in the same area permits it to be distinguished from a mixed propagation that involves the interface.





4. Discussion


4.1. Powders Characterization


The powder characterization comprised the first screening for the sprayable materials. According to state-of-the-art powder studies, the particle size significantly affects the flow character. Large particles (> 250 µm) are normally free-flowing, whereas particles below 100 µm cause cohesion phenomena to occur, and for particle sizes around 10 µm, flow becomes almost impossible [49,50]. Furthermore, a narrow particle distribution promotes flowability [50,51]. Based on these considerations, the ground BNAc batch was discarded because of its large particle size distribution and its poor flowability—which was also confirmed by the compressibility index. The shape of the grain also plays an important role—spherical geometries are preferred to favour flowability [52]. This could explain the feasibility of AA powder-based coatings; despite the small dimensions of initial powders (Dv50 = 59 µm), they present excellent flowability (CI = 10.1%).




4.2. Powder-Coating Comparison


FTIR and XRD results confirm that the cold spray process is able to retain both the biomimetic and stoichiometric apatite compositions of the raw powders as no secondary phases were detected. As mentioned, up to now, the mechanism explaining the adhesion and cohesion of a ceramic coating made by cold spray is not fully established. Several studies associate it with the powders smashing and spreading, which, in a way, simulates the plastic behaviour of polymers and metals [32,33,38]. SEM analyses and the spray test in water confirm this hypothesis. Since there is no evidence of powder rupture prior to impact, but the coatings exhibit a nanoscale grain pattern, the formation of the coating must be linked to the crash of the powder against the substrate. Furthermore, as illustrated by Hanft et al. [52] and Winnicki [53], parameters comprise the kinetic energy, and particle size and their agglomeration state present a strong influence on the substrate impact. All powders analysed in this study are considered large particles (> 10 µm), thus fragmentation is expected, as well as the abrasive blasting of the substrate (visible in the irregular interface between coating and the metallic plate); however, the lower hardness of HA and apatite could allow for the coating formation in conditions that are impossible for the most commonly analysed advanced ceramics (e.g., alumina and other oxide ceramics) [52,53].




4.3. Coating Microstructure and Powders Influence


The mechanical tests show different results for all the analysed cases, but there is no relation with the architectures of the coatings. In fact, the SC powder-based coating has a significantly higher critical load than the AA and BNAc powder-based ones, despite having a comparable thickness to AA and porosity in the same range. The mechanical resistance of the coating seems to be related to the type of failure. The SC powder-based coating is the only one to present a mixed propagation failure mode with a moderate critical load, whereas it is cohesive for the AA and BNAc powder-based coatings with a very low critical load. A cohesive propagation failure corresponds to an adhesive force prevailing at the interface, which includes mechanical bonding, substrate roughness, and residual stresses. In contrast, the cohesive force is mainly determined by the sprayed material properties: microstructure, homogeneity, and crystallinity [54]. If a cohesive force prevails in the coating, the failure propagation is more likely to be mixed or adhesive. This means that there is a lack of coating cohesion in the AA and BNAc powder-based coatings (causing the observed cohesive failure), whereas for the SC powder-based coating, the cohesive force is higher, and this generates a mixed failure. For both SC and AA powder-based coatings, the surface preparation and roughness are the same, so this is not the reason for the different mechanical behaviour. Moreover, according to the literature, the adhesion should be increased for thinner coatings [54,55], but this is not the case for the SC and AA powder-based coatings (this latter is thinner and has poorer adhesion). Thus, coating thickness is not a key parameter either. The discriminating factor could be the characteristic of the powder (i.e., the low density of the AA and BNAc powders (for AA powder due to its porous core arising from the spray-dried process, for BNAc powder due to its microstructure) compared with the SC powder that can influence the coating formation). Various research has described how particle density affects a very important parameter for cold spray efficiency: the critical particle velocity. This parameter is specific for each material and is inversely related to the density of the powder [56,57,58]. Schmidt et al. determined a ‘window of deposition parameters’ depending on particle temperature and impact velocity for ductile materials [59], but this would be significantly limited if applied to ceramics, due to their poor thermal conductivity and their lack of ductility. Consequently, there would be a narrow range of possible velocities very close to the upper limit—also called ‘erosion velocity’—which, if exceeded, causes no adhesion of the particles and erosion of the substrate. The higher particle velocity of AA compared with SC (due to its lower density) can limit coating deposition and mechanical properties if too close to the erosion velocity, due to a high percentage of bouncing particles or low adhesion.





5. Conclusions


This study proved the feasibility of thick and adhesive cold spray coatings on grade 5 Ti6Al4V substrates using biomimetic and stoichiometric apatite powders without altering their composition. The low temperatures involved enabled the avoidance of the formation of secondary phases that could pollute coatings and reduce their mechanical and biological properties.




	
The BNAc coating deposited on the plasma sprayed underlayer resulted in a total coating thickness of over 125 µm.



	
A promising coating–substrate adhesion strength was obtained when using sintered–crushed hydroxyapatite powder, with a critical load of 69 N, reaching nearly 50% of standard plasma spray coating reference.



	
A possible explanation for the high coating adhesion and the unique mixed (adhesive–cohesive) failure mode could be related to the high density of the powder particles.








More specific analyses could be conducted for a better understanding of the physico-chemical interactions between the raw powders and the substrate, as TEM or µ-XRD analysis, to evaluate the grain deformation at the nanoscale or local phase changes at the interface; however, cold spraying seems to be a valid alternative to high temperature technologies for the production of biocompatible coatings in the orthopaedic and biomedical fields.
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Figure 1. Bending test curve—coating critical load determination. 
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Figure 2. Particle size distribution of AA, SC, BNAc, and ground BNAc powders: (a) general comparison, and (b) individual curves and volume-based distribution coefficients. 
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Figure 3. BNAc powder SEM analysis. 
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Figure 4. Commercial powders SEM analysis: (a) SC powders and (b) AA powders. 
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Figure 5. XRD analysis: comparison between powders and coatings composition. 
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Figure 6. FTIR analysis: comparison between the powder and coating compositions. 






Figure 6. FTIR analysis: comparison between the powder and coating compositions.



[image: Coatings 12 00722 g006]







[image: Coatings 12 00722 g007 550] 





Figure 7. BNAc coating on plasma sprayed HA underlay at SEM. 
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Figure 8. Commercial HA coatings SEM analysis: (a) SC coating and (b) AA coating. 
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Figure 9. Coating thickness. 
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Figure 10. Bending test coating critical load. 
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Figure 11. Breaking types and an example of SC coating mixed rupture by EDX mapping. 
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Table 1. Biomimetic apatite powder synthesis procedure.
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	Solutions
	R1—Calcium Source
	R2—Phosphates and Carbonate Source





	Solid

components
	261 g

Ca(NO3)2 4H2O
	360 g

(NH4)2 HPO4

360 g

NaHCO3



	Deionised H2O
	3750 g
	13,500 g
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Table 2. Powders used for cold spray coatings, acronyms and main properties.
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	Acronym
	Material
	Preparation
	Density





	SC
	Hydroxyapatite
	Sintered and crushed
	0.87 g/cm3



	AA
	Hydroxyapatite
	Spray dried

agglomerates
	0.54 g/cm3



	BNAc
	Nanocrystalline apatite
	Synthesized and crushed
	0.19 g/cm3
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Table 3. Chemical composition of Ti6Al4V—Grade 5 alloy (wt.%).
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	Element
	Aluminium
	Vanadium
	Iron
	Oxygen
	Hydrogen
	Titanium





	wt.%
	6
	4
	< 0.25
	< 0.2
	< 0.015
	Balance
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Table 4. EDX chemical analysis on adhesion tested parts in the centre of the breaking zone and estimation of coating loss.
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	Element (wt.%)
	Plasma Spray Ref.
	BNAc
	AA
	SC





	O
	29.66
	41.08
	40.07
	39.27



	Na
	0.04
	0.14
	0.17
	0.09



	Mg
	0.04
	0.18
	0.3
	0.01



	Al
	10.56
	0.14
	0.47
	2.62



	P
	3.4
	16.49
	17.3
	13.91



	Ca
	7.44
	41.08
	39.59
	29.82



	Ti
	46.57
	0.55
	1.95
	13.61



	V
	2.29
	-
	0.15
	0.67



	Si
	-
	0.33
	-
	-



	Total
	100
	100
	100
	100



	Est. coating loss
	80%
	7%
	1%
	32%
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