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Abstract:

 Laser post-heating computer controlled detonation spraying (CCDS) and cold spray (CS) hybrid processes were proposed for fabrication of near sub micron structure coatings of hydroxyapatite (HA) + Ti system. Optical and SEM with energy dispersive X-ray analysis and comparative XRD phase analysis were used to evaluate microstructure. After those hybrid processes, no substantial variation in HA composition was noted by structural and phase examination. Nano-sized HA powders can be recommended for laser annealing CS (LaCS) process. Regimes of laser treatment optimal for increasing the adhesion between the HA and titanium coatings, providing more strength, ductility and decreasing of HA destruction in the coatings were determined.
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1. Introduction

Titanium based alloys are widely used for biomedical applications, due to their biocompatibility, high durability, low density and good corrosion resistance. However, titanium is a bioinert material [1], i.e., interface between titanium and bone tissue is a simple interlocking bonding, which can lead to loosening of the implant and eventual failure of its implantation. Nevertheless, surface properties (composition, hydrophilicity, roughness and durability) should play a crucial role in implant—tissue osteointegration.

Hydroxyapatite (HA)—Ca10(PO4)6(OH)2 ceramics is routinely used in orthopedy to coat implants for improving biocompatibility and bone fixation, as chemical composition and structure of HA are close to mineral phase of bone. Implant surfaces with HA content offer smaller hydrophobicity and greater wettability. Thus, function of the HA coating on the titanium substrate consists in avoiding fibrous tissue encapsulation on the titanium—bone interface and enhancing titanium osteoconductivity [2,3]. In a great number of studies HA is used as filler in biopolymer compositions for medical applications [4,5,6,7,8]. But strength of such constructions is modest.

Physical vapor deposition (PVD), which includes electron beam evaporation, pulsed laser deposition, cathodic arc deposition, molecular beam epitaxy, ion beam assisted deposition and magnetron sputtering, are the most studied methods of HA coating deposition upon titanium based alloys [3,9,10,11,12,13,14,15]. In these methods, HA powder is heated up to extremely high temperatures and delivered to the substrate surface at a high speed. However, reproducibility in results of coating by PVD and plasma spraying is not satisfactory [14]. The reason is lack of comprehensive control of the phase composition, morphology and porosity of the coatings. This explains instability in mechanical and biological performance of the coatings [10,13]. Resulting coatings contain metastable and decomposed phases, which have no biocompatible properties and decay after implantation, thus decreasing adhesion to the surrounding bone as well as to the metal substrate. In our earlier studies, HA layers on Ti were formed by direct laser sintering of HA + Ti powder mixture [1,16,17], which showed better bioactivity and biocompatibility. However, HA additive decreases sinterability of the powder mixture. Moreover, since the implant interacts with a living tissue only on the surface, in our opinion, there is no need to spend it for the entire implant volume.

Methods of cold spraying (CS) and computer controlled detonation spraying (CCDS) are comparatively new methods of spraying the powder coatings [18,19,20]. The basic difference between CS and CCDS is that CS allows spraying powder at high velocities and always in solid state, while CCDS provides lower but comparable velocities and much higher temperatures resulting in spraying powders in liquid state [18]. As a result of comparison for the CS and CCDS composites, one may note that the detonation coatings are heat-hardened owing to the solidification of the sprayed particles. The overwhelming majority of investigations performed in this field are devoted to use of micron-sized particles of one material (usually a metal or a metal based alloy), i.e., to spraying of single component coatings. It was mentioned in some publications that in substantial cases spraying ceramic powders by the CS method is difficult because of absence of plasticity at ceramic particles. However, spraying mixtures of metallic and ceramic particles can already be implemented [19], including the HA + Ti systems [20].

An open question about multimaterial fabrication of protective and biocompatible HA + Ti coatings is adhesion between the HA ceramic and the Ti layers, which initiates future research in this direction. Laser annealing after CS (LaCS) is a new manufacturing process, which combines advantages of supersonic CS and laser heating of the fabricated coatings [21,22,23,24,25]. Ability to deposit materials of different nature (metals, intermetallides, ceramics, etc.), high deposition rates and reduced operation cost, improved coating adhesion are characteristics of this hybrid process. Effects of initial nano-sized HA powder can give additional advantages like strong interfacial coating strength, higher biocompatibility and potentially long lifetime cycle [22].

The objective of the present study was to perform a comparison between cold spraying (CS) and computer controlled detonation spraying (CCDS) of sub-micron and nano-sized HA ceramics on the Ti based alloy for medical applications, and to realize an additional laser treatment of the fabricated coating for decreasing its porosity, improving its adhesion and durability. The received microstructures of the coating were evaluated by X-ray analysis, optical metallography, and SEM equipped with EDX analysis.



2. Experimental Section

The titanium of the TiGd2 grade (Ti > 98.1 wt %, − 36 + 14 µm) was supplied from TLS Technik GmbH & Co., Lennestadt, Germany, (Spezialpulver KG, Bitterfeld-Wolfen, Germany). The HA grade 99.5 wt % Ca10(PO4)6(OH)2 from Medicoat AG (Mägenwil, Switzerland) was preliminarily sieved for near submicron separation (~5–10 µm). Nano-sized HA, ~60 nm, was supplied from EV NANO Technology Co. Ltd. (Hefei, China) and used as received. The appearance of the HA powders is shown in Figure 1. Granulomorphological analysis of the micron-sized powders was carried out by optical granulomorphometer ALPAGA 500 NANO, which is an optical sieving system equipped with Callisto image analysis software (OCCHIO, Angleur, Belgium). The substrates were Ti-based medical dental instruments, sandblasted before spraying.

Figure 1. SEM images of initial TiGd2 and HA powders under larger magnification: (a) TiGd2 image and its granulometric distribution; (b) HA of sub micron size from Medicoat Co. (Mägenwil, Switzerland) with EDX analysis; and (c) HA of nano size from EvNanoTech.com Ltd. (Hefei, China).
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Experiments on the CCDS were carried out on the CCDS 2000 installation (DIPI, ENISE, Saint-Étienne, France). Basic parameters of the installation used for the coating deposition and some preliminary results were presented in our last paper [20]. The CS setup at the LIAT (Stankin, Russia) based on the Impact Spray System 5/8 (Haun, Bavaria, Germany) worked under 25 atm. and temperature of 500 °C. The micron-sized HA was used for the CCDS process and the nano-sized HA—for the CS process. For we used nano-sized HA powders, they were preliminarily mixed with titanium in 1:1 ratio by wt. for unproblematic delivering of the powder to the substrate.

After the CS and the CCDS part of samples became a subject of the laser treatment. Our experimental setup for the laser treatment of coated layers included: (a) a continuous-wave Ytterbium fiber LK-200 V IPG (Fryazino, Russia) with wavelength of 1.075 μm; (b) deflectors for the laser beam scanning in the X-Y plane; (c) lens with focused spot of d ~100 μm diameter; (d) mechanism for deposition and levelling the powder mixture; and (e) vertically moving cylindrical platform. The laser beam scanned by the meander an area of 50 × 50 or 100 × 100 mm2 and was controlled by the computer through the mechanical deflectors. The treatment was performed in the air. Hatch distance was equal to the laser beam diameter. Under the present study, laser power varied in the range of 10–90 W, scan velocities v were 5–20 mm/s.

After the laser assisted CS and CCDS the specimens were cut, mounted in the cold-polymerizing mass (CPM), then specimens were first grounded with sand paper of different granulation and finally were polished with special pastes. Macrostructure was evaluated by optical microscopes (Carl Zeiss AxioScope microscope with Axiovision 4.7 image analysis software and Olympus BX51M, Tokyo, Japan). Morphology of the Ti + HA coatings was characterized with a LEO 1450 (Carl Zeiss Company, Oberkochen, Germany) scanning electron microscope (SEM) equipped with an energy-dispersive X-ray (EDX) analyzer (INCA Energy 300, Oxford Instruments, Abingdon, UK) and VEGA 3 LMH (Prague, Czech Republic) with an EDS analyzer (INCA ENERGY GSR P80, Oxford Instruments, Abingdon, UK).

The crystal structures of the coatings were examined by X-ray diffraction on a DRON-3M powder diffractometer (Co Kα radiation). Their phase composition was determined using JCPDS PDF data (PCPDFWIN ver. 2.02, release 1999) and the Crystallographica SearchMatch ver. 3.102 program.



3. Results and Discussion


3.1. Microstructural Evaluation

The CCDS process allows fabricating an HA coating on titanium, which is characterized by pores and voids presence between the Ti and the HA layers (Figure 2a). Thus, in present study, we proposed in the wake of the LaCS process to realize a LaCCDS process.

Figure 2. OM image (a) and SEM image (b) with element distribution after CCDS in HA + Ti system (Ti, Ca, P, O and C element map is shown on picture). SEM image (c) is a laser treatment of the CCDS surface, see (a).
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The Figure 3 shows some results of the laser treatment after the CCDS process in the range of laser powers from 10 up to 90 W and laser scan velocities of 10–20 mm/s. Under a high laser energy input of more than 40 W the coated surface had a fully remelted structure with a size of the heat affected zone up to substrate. Under a modest laser power of 20–40 W (Figure 3b,c) the surface structure was characterized by a developed crack net and only below 10 W this net is absent. However, under high magnification (Figure 4) some cracks remained. Also we observed a laser passage presence (a dot line in Figure 4) on the heated surface. The EDX analysis from the S1–S3 areas is similar to the element distribution after pure CCDS process (Figure 2b), which is a positive factor. Ti, Ca, P, O and C element maps are shown in Figure 2b. Undesirable HA decomposition leads to a loss of pharmacological properties of the HA coating which will be discussed later in the sub-Section 3.2. As an intermediate conclusion, we can recommend the laser treatment process to follow the transfer at the regime of laser annealing with a low laser energy input, slow scan velocities and a defocused laser beam.

Figure 3. SEM image of laser treatment surface after the CCDS with the scan velocity 10 mm/s: (a) P = 10 W; (b) P = 20 W; and (c) P = 30 W.
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Figure 4. Peculiarities of the laser treated surface (Figure 3a) and EDX data by S1, S2 and S3 areas. Dotted line shows direction of the laser scanning.
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In Figure 5a–c, the results of the LaCS process after the CS in the nano HA + Ti systems are shown. First of all, it is necessary to remark on the more porous structure of the HA + Ti coating after the CS process only. Actually, adhesion degree for HA was significantly bad by our visual estimation in comparison with the CCDS process only. Obviously, the transfer from submicron to nano-sized particles of the HA has also added problems connected with nano-sized particle’s agglomeration [14]. However, optimization of the laser regimes for the post process of the nano HA + Ti CS coatings was successful. More porous coating structure solidified and consolidated better after the laser treatment in comparison with the CCDS coatings and had no cracks nucleation. More flat solidified surface in the LaCS regime (Figure 5b) we considered as a desirable one.

Figure 5. OM images of laser treatment surface after CS with scan velocity 10 mm/s: (a) P = 35 W; (b) P = 55 W; and (c) P = 90 W.
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Figure 6 shows the microstructure for this regime under high magnification. It is clearly seen that the homogenous remelting microstructure has cracks on the bottom of the laser affected zone remained (Figure 6b,d). The EDS microanalysis (Figure 6c) ensures the relatively homogenous Ca-Ti-P distribution by the whole volume. As an intermediate conclusion, we can recommend to control the depth of the CS coating. The decrease in coating thickness will provide a stronger connection and adhesion between the laser affected zone and the substrate [12,14].

Figure 6. SEM of the CS coating after laser treatment: (a) regime of LI is presented in Figure 4b; (b,d) microstructure peculiarities under high magnification; and (c) the EDS microanalysis for whole area of Figure 6b.
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It is known [18] that the maximum ceramic content in the metal–ceramic composites produced by CS is limited to about 20%–30%, while the required ceramic content can be achieved using CCDS. In the first case, the non-deformed ceramic particles are more or less homogeneously distributed in the metal matrix, and in the second case, the ceramic compound is integrated into the metal matrix in the form of irregular thin layers. Thus, we can conclude that after the softened LaCS process the HA coating strength could be improved.



3.2. Phase Analysis by XRD Patterns

Comparative qualitative phase analysis after the LaCCDS and the LaCS processes are presented in Figure 7. We can observe the HA presence (Ca5(PO4)3(OH), phase, JCPDS, card No. 24-0033) and α-Calcium Phosphate (CaP4O11 phase, JCPDS, card No. 49-0496) both after the LaCCDS and LaCS processes. Both have pharmacological features and are useful for future medical applications [16]. Earlier Kuznetsov et al. [17] informed that presence of HA in Ni-Ti mixture promoted formation of intermetallic phases NiTi2, NiTi and what mainly happened with HA was decomposition into CaHPO4 phase. Moreover, a CaTiO3 phase was found (JCPDS, card No. 82-0229), which indicates HA decomposition process as well as active oxidation of titanium during the laser treatment in the air (Ti3O) phase (JCPDS, card No. 72-1806). If the decomposition process is undesirable, so oxide films on the titanium surface are useful [1]. Comparing the phases after the LaCCDS and the LaCS processes shows that CaTiO3 phase presence is lower in the LaCS than after the LaCCDS process. Intensity lines after the LaCS were decreased in comparison with the LaCCDS, which we explain by nano structured grain size refinement.

Figure 7. Comparative X-ray phase analysis of the CCDS and CS after laser treatment.
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4. Conclusions

Laser annealed CCDS and CS processes were successfully realized in sub-micron HA + Ti systems for future medical applications. No significant modification of the initial HA composition was observed during the different steps of the coating preparation and spraying.

The laser treatment in a regime of softened annealing can be recommended for increasing the adhesion between HA and titanium coatings, because a high laser energy input leads to crack net development and HA decomposition in the case of the LaCCDS process.

The LaCS process can be recommended for HA + Ti coating fabrication under control of the CS coating thickness. In this case, these measures provide a stronger connection and adhesion between laser affected zone and substrate.

The SEM with energy dispersive X-ray analysis and comparative XRD phase analysis showed the LaCS process to be more attractive than the LaCCDS process by reasons of higher strength, ductility and absence of low HA destruction in the coatings.
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