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Abstract

:

To fabricate metallic 316L/HA (hydroxyapatite) materials which meet the requirements of an implant’s mechanical properties and bioactivity for its function as human bone replacement, selective laser melting (SLM) has been employed in this study to prepare a 316L stainless steel matrix, which was subsequently covered with a hydroxyapatite (HA) coating using the sol-gel method. High density (98.9%) as-printed parts were prepared using a laser power of 230 W and a scanning speed of 800 mm/s. Austenite and residual acicular ferrite existed in the microstructure of the as-printed 316L stainless steel, and the sub-grain was uniform, whose primary dendrite spacing was around 0.35 μm. The as-printed 316L stainless steel showed the highest Vickers hardness, elastic modulus, and tensile strength at ~ (~ means about; same applies below unless stated otherwise) 247 HV, ~214.2 GPa, and ~730 MPa, respectively. The elongation corresponding to the highest tensile strength was ~38.8%. The 316L/HA structure, measured by the Relative Growth Rate (RGR) value, exhibited no cell cytotoxicity, and presented better biocompatibility than the uncoated as-printed and as-cast 316L samples.
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1. Introduction


With the continual progress of medical technology as well as the extension of human life, it is probable that there will be a huge potential demand for and research interest in metallic body implants [1,2]. One of the most commonly used but expensive metallic biomaterials is titanium (alloy), which is utilized in many circumstances, such as interlocking nails, hip prosthesis, and facial implants. Although biomedical titanium alloy shows relatively good biocompatibility and admirable corrosion and wear resistance, its high price and possible toxicity is likely to limit its widespread use in bone operations [3,4,5,6]. Nowadays, 316L stainless steel is used as a more cost-efficient alternative for implant biomaterial, and piques more interest due to its excellent corrosion resistance and great mechanical properties. As reported in previous papers, the material has been successful in making implants to replace shoulders, knees, and other body parts of the human being [7,8,9]. However, it is difficult to induce good attachment and growth of bone cells from 316L stainless steel and it also has no bioactive capabilities, which increases the likelihood for it to lead to loosening of the implant and premature failure [10,11,12]. The HA coating, however, is likely to provide excellent bioactivity and biocompatibility to metallic implants [13,14,15].



For individual patients, mass-produced implants may not completely fulfill their needs. Customized implants, with geometry deriving from their own magnetic resonance imaging (MRI) data, are urgently needed [16]. SLM, which is a powder-bed-based additive manufacturing technology, can be used to selectively melt metal powders layer by layer through a highly focused and computer-controlled laser beam [17,18]. It has been used to successfully prepare many kinds of metallic biomaterials, such as stainless steel, alloys of titanium, magnesium, and medical noble metals, and compared with some of the more traditional approaches, it provides superior mechanical properties and a relatively simpler manufacturing process [19,20].



In retrospect, some studies around SLM-processed 316L stainless steel with different laser parameters and lattice structure designs have been undertaken [21,22,23]. In order to testify its feasibility as an implant, simple cytotoxicity and biocompatibility tests were conducted while comparing different manufacturing and post-processing methods [24,25,26,27,28]. However, these can hardly solve the problem of poor bioactivity, and may even cause a failure of metallic implants. As a time-honored bio ceramic which realizes higher osteoblast activity, HA material is currently quite popular for its special applications in regenerative implants and bone void fillers [29]. Metallic implants, with the help of HA coating, can improve the new bone formation process and promote bone healing, as the bio ceramic material is able to accelerate osteoblast differentiation and also increase collagen levels [30,31]. In order to avoid secondary phases (such as calcium oxide, tricalcium phosphate, tetra calcium phosphate, etc.) in high-temperature processes and also to generate superior structural integrity, the sol-gel method is used to produce homogeneous HA coating onto the as-printed 316L stainless steel substrate [32,33,34,35]. Hence, in this work, the metallic 316L/HA material, with proper bioactivity and mechanical properties, was introduced to satisfy the corresponding requirements of bone implants.



The samples of 316L stainless steel as substrate material with high relative density were additively manufactured by SLM. The microstructure and mechanical properties of the fabricated samples have been investigated in detail. Furthermore, the 316L/HA samples were fabricated using the sol-gel method, and the biocompatibility of the 316L/HA samples were also tested and compared with that of the uncoated 316L stainless steel. This study demonstrates that it is possible to enhance the bioactivity of the as-printed 316L steel by HA coating.




2. Experimental Section


2.1. Material Preparation and Characterization


The experimental procedure is shown in Figure 1. The 316L stainless steel powders were purchased from Sandvik Osprey Co. Ltd., and the chemical composition of the powders is shown in Table 1 (in wt %). The size distribution of the powder was analyzed by the LS-609 laser particle size analyzer (Malvern Instruments). The morphology of the 316L stainless steel powders was acquired by the TESCAN MIRA3 field-emission Scanning Electron Microscopy (SEM, operated at 10 kV). The as-cast samples were purchased from Wuxi Longyunxiang Steel Company (Wuxi, Jiangsu, China). The Electron Backscattered Diffraction (EBSD) mapping was carried out by the same SEM. The SEM parameters were 15 kV, 60 μm aperture, with a high current mode. SEM mapping settings were 0.05–0.5 μm step size and 1000–5000 grains, with the grain boundary definition set as 10°. Grain size measurements were obtained using data for all grains in a single map. The nano-hydroxyapatite powders were purchased from Beijing Dk Nano Technology Co. Ltd. (Beijing, China). The morphology of the nano-hydroxyapatite powders was obtained by Tescan F30 Transmission Electron Microscope (TEM, Boston, MA, USA).



A Concept Laser M2 machine (Lichtenfels, Germany), equipped with a 400 W Yb: YAG continuous wavelength fiber laser (50 μm beam size) was used to fabricate the samples under a high-purity Ar atmosphere containing no more than 100 ppm environmental oxygen. The 316L stainless steel tensile samples (Figure 2) were additively manufactured through varying processing parameters of laser power (P, 140–290 W). The layer thickness (D, μm) was kept constant at 30 μm, and the scanning speed (v, mm/s) was fixed at 800 mm/s. The STL files of the samples were generated by MAGICS software (Materialise, Leuven, Belgium), and the chess scanning strategy was adopted in this experiment. The chess scanning strategy is one of the most commonly used scanning strategies in 3D printing. When this strategy is used, the area to be printed is divided into multiple squares, similar to a chessboard. The laser scanning directions are placed perpendicular to each other in each adjacent square.



The relative density of the samples was measured by using the Archimedes’ method. Five measurements were made for each sample, and the results were averaged. Relative density was calculated through the relation [36]:


   RD =    m 0  ⋅  ρ  w a t e r      ρ 1  ⋅ (  m 0  −  m 1  )   × 100 %   



(1)




where m0 is the samples’ mass (g) in air, m1 is the samples’ mass (g) in water, ρwater is the density of distilled water which was 0.9982 g/cm3, and ρ1 is the density of standard steel which was 7.98 g/cm3 [37]. After this, the “best parameter” was acquired from the densest sample. The Vickers hardness was measured on the polished samples through an HXD-1000TMC/LCD microscopic Webster hardness tester (Yongxiang, Shanghai, China) with a 500 N load and dwell time of 15 s. Seven positions were measured randomly on each sample, and the deviation in these measurements was less than ±0.4%.



Phase constitution was analyzed by the Advance ECO X-ray diffractometer (XRD, Cu Kα radiation, wavelength 1.4506 Å, at 50 kV and 300 mA, Karlsruhe, Germany). Continuous scanning at a speed of 1.5°/min was used from a 2θ angle of 30° to 90°.



The tensile samples were tested using an MTS-CMT microcomputer-controlled universal testing machine (The United States) at a strain rate of 0.0005/s. There were five tensile samples tested for each condition, and the results of the tensile test were averaged. During the tensile tests, the load–displacement data was recorded and the elastic modulus acquired. Microscopical observations of the fracture surface were acquired by the SEM.



The nano-hydroxyapatite was first dissolved in absolute ethyl alcohol at room temperature in order to prepare the HA sol for HA coating. Two concentrations of HA in solution were controlled at 1 mg/mL and 5 mg/mL. During the process, stirring and heating was also required to completely dissolve the hydroxyapatite in order to achieve a clear, homogeneous sol. Cylinder samples (φ6.2 mm × 30 mm) were fabricated by SLM Solutions using the “best parameter” (scanning speed 800 mm/s, laser power 230 W), and the samples were then sliced into discs of 0.5 mm thickness by use of a precision cutting machine. The discs were polished and ultrasonically cleaned in acetone, absolute ethyl alcohol, and deionized water, in that sequence. The cast samples were also prepared in the same way. The HA coating was developed using a spin coater to deposit a uniform and single layer to the substrate. The rotation speed was set at 1500 r/min and, spin time was set at 20 s [38,39,40]. After each spin-coating process was done, the 316L/HA disc was placed on a hot electronic plate with a temperature of 50 °C for 1 min. The same operation was repeated ten times to develop 10 layers of HA coating. The coated sample was then put into a drying oven at 100 °C for 1 h, followed by a sintering in the vacuum furnace according to the sintering pattern shown in Figure 3. After that, the top- and side-view images of the HA coating were observed by using SEM. A CETR-UMT Pin-on-Disk tribometer was used to test the 316L/HA discs. The as-printed and as-cast samples were also put into the vacuum sintering furnace for de-stress annealing. The surface roughness of the as-printed, as-cast, and 316L/HA discs were measured by using a Bruker 3-D profiler (ContourTG-K0). Five measurements with a scan area of 0.09 × 0.12 mm2 were performed at random positions on 3 samples [25,41].




2.2. Cell Culture and Proliferation Study


After high-temperature sterilization (200 °C), the 316L/HA discs were placed in 96-well Tissue Culture Polystyrenes (TCPS) plates. One of the control groups had the same culture medium but without the metal materials (just TCPS and culture medium), while the rest of the test groups had the same culture medium but were filled with as-printed 316L discs [39,42]. The blank group contained only PBS (Phosphate Buffered Saline) without cell suspension and materials. L929 cells (Mouse fibroblast cell line, purchased from the Shanghai Type Culture Collection, Chinese Academy of Sciences) were used for the biocompatibility study, and were cultured at 37 °C in a 5% CO2 air atmosphere until the cells were ready to be sub-cultured. After digesting with Trypsin-EDTA solution (0.25% Trypsin- 0.53 mM EDTA solution), single-cell suspension was counted by using the Countess II Automated Cell Counter. The cell suspension was diluted to a concentration of 1.0 × 104 cells/well. After preparation, 0.2 mL of the cell suspension was seeded into each well [43,44,45].



The discs were washed twice by PBS, and cell proliferation of each group was measured after being cultured for 24 h, 72 h, and 120 h. 0.2 mL of fresh culture medium and 0.02 mL of CCK-8 (Cell Counting Kit-8, purchased from the Dojindo of Japan) solution were added to each well and incubated at 37 °C for 2 h. The Optical Density (OD) value of the solution in each well was then determined using the Varioskan LUX multimode microplate reader (Thermo scientific, Waltham, MA, USA), at a wavelength of 450 nm. Subsequently, cell Relative Growth Rate (RGR) was calculated using the following method [43]:


   R G R =    A s  −  A b     A c  −  A b      



(2)




where As is the OD value of the experimental group, Ac is the OD value of the control group, and Ab is the OD value of the blank group.




2.3. Cell Morphology Study


The discs were cleaned twice using PBS, fixed with 4% paraformaldehyde for 40 min, stained with DAPI (30 μg/mL) for 15 min, and then cleaned twice more with PBS. Magnified fluorescence micrographs of the samples were acquired.




2.4. Statistical Comparisons for the Biocompatibility Study


To further evaluate biocompatibility, statistical comparisons were performed using Student’s t test for unpaired data. P < 0.05 was considered to be significant for most tests [43].





3. Results


3.1. Powder Characterization


Figure 4a,b show the particle size distribution (Figure 4a) and SEM image (Figure 4b) of the 316L stainless steel powders, respectively. The metal powders are nearly spherical, and their size distribution follows the Gaussian distribution, with a medium diameter of ~37.2 μm. Figure 4c shows the TEM morphology of the nano-hydroxyapatite powders, suggesting that they are rod-shaped with a length of ~100 nm and width of ~20 nm.




3.2. Density of the As-Printed 316L Steel


Figure 5a shows the impact of the laser power on the relative density of the SL Med samples. It is noted that the maximum density was achieved at a laser power of 230 W. The laser energy density (total energy input per volume of each track), E (J/mm3), can be calculated by [17]:


   E =  P V    



(3)




where P is the incident laser power (W) and V is the volume of laser scanning per second (mm3/s). In this work, V can be estimated by [18]:


  V = ν × D × L  



(4)




where  ν  is the incident scanning speed (800 mm/s), D is the layer thickness (30 μm), and L is the beam size (50 μm). The best laser energy density value can then be determined as 191.7 J/mm3. The laser energy density in the literature [10] ranges from 100 J/mm3 to 180 J/mm3. A slightly higher laser energy density was adopted here, varying from 166.7 J/mm3 to 216.7 J/mm3, as higher laser energy density normally leads to better as-printed density. This finding is also consistent with other literature [21]. Figure 5b–d shows the optical images of the three 316L stainless steel samples under different laser energy densities: 166.7 J/mm3 (200 W), 191.7 J/mm3 (230 W), and 216.7 J/mm3 (260 W). Below 191.7 J/mm3, the laser energy density is too low to melt the powders completely and to realize good density. When the laser energy density rises to 216.7 J/mm3, an overheated reaction may result in the molten pool region, which could in turn infuse spatter and gas evaporation and therefore create poorer density [44,45].



Meanwhile, the X-ray diffraction (XRD) results (Figure 6) suggest that the listed as-printed 316L stainless steels mainly contain γ-Fe with an austenite structure (the unlisted samples share the same pattern). The three crystal planes, (111), (200), and (220), show strong peaks in all the XRD patterns. Specific data regarding crystal plane (111) is listed in Table 2. Compared with standard austenite (PDF card information regarding the austenite phase), the 2θ as-printed samples shifted to a relatively higher value. The diffraction peak intensity of crystal plane (111) increased with energy density. It is likely that the promoted thermal stress in the sample, which may be attributed to the higher temperature and larger pool size, resulted in a change to the diffraction peak intensity [45], while a reduction in the FWHM (full width at half maximum) may have been an indication of the higher energy density resulting from the grain coarsening [46]. At the same time, the right shift of the diffraction pattern is an indication that the lattice parameter of the crystal shrinks [47]. According to Brag’s Law (2dsin θ = nλ), the right shift of the diffraction pattern (towards the larger 2θ angle) indicates that the lattice parameter of the crystal shrinks (smaller lattice parameters) when the wavelength λ keeps constant. The shrinkage of the lattice parameters may be due to the residual compression stress inside the as-printed 316L stainless steels.




3.3. Microstructure and Mechanical Properties of the As-Printed 316L Stainless Steel


The EBSD results of the horizontal plane (XOY plane) (Figure 7a) suggest that the average grain size of as-printed samples is ~13.5 μm, which is 10 times smaller than the as-cast sample (~146.9 μm; Figure 7b). The cause of this phenomenon (where the level of mechanical properties is higher for printed samples than cast) is likely to be because of the grain refinement in the as-printed sample.



Figure 8 shows the relationship between the laser power and Vickers hardness of the as-printed samples. It should also be noted that the Vickers hardness shows the same trend as the variation of relative density. The Vickers hardness of the as-cast 316L stainless steel is around 200 HV, while the micro-hardness of the as-printed samples (with the maximum value of 245 HV) are all higher than 200 HV [48,49].



Figure 9a shows the typical tensile stress–strain curves of the six samples. Both the tensile strength and elongation are shown in Figure 9b. It is noted that when the laser power is above 170 W, the as-printed samples shows higher tensile strength than the as-cast samples (649.8 MPa). The sample of 230 W shows the highest tensile strength (~730 MPa) and the corresponding elongation is ~38.8%. Tensile strength generally increases along with laser power, but the modulus is shown to keep steady at ~214.2 GPa. Based on this, the strengthening mechanism of the as-printed samples may be considered as fine-grain strengthening (average grain size: as-printed sample ~13.5 μm, as-cast sample ~146.9 μm; Figure 7b) and the density of samples has played a dominant role in regard to its mechanical properties. Figure 9b also shows that the as-printed samples’ elongation increases at first, and then decreases. Some as-printed samples’ elongation is lower than that of the as-cast samples. The fracture surface morphologies are observed by SEM in order to identify the ductile fracture and some ductile dimples, as shown in Figure 10. It can be seen that the fracture surface with a laser power of 170 W shows larger voids and unmelted powder particles compared with that of higher laser power. The defects, voids included, are always considered to be the parts to trigger a failure in the tensile process [49,50,51]. In addition, the unmelted powder particles existing in the small voids (marked by the arrow in Figure 10c) are attributed to the incomplete melting under insufficient laser irradiation. The ductile dimples of the fracture surface microstructure are presented in Figure 10d. The mechanical properties of the as-printed 316L in this study (hardness at 200–250 Hv, tensile strength at 600–700 MPa, and elongation at ~40–60%) are within the same level as the data presented in the literature [10,21]. Ours are slightly lower in hardness, which might be due to a higher laser energy density applied and a resultant enlarged grain size.



The cohesive strength of the HA coating was acquired by the CETR-UMT Pin-on-Disk tribometer. A 200-μm radius diamond indenter was used to conduct the scratching test. The critical load to the indenter was 9.7 N at a scratch speed of 2 mm/min along a 2 mm distance [52].




3.4. Biocompatibility of the As-Printed 316L Stainless Steel


SEM images of the cast HA coating are shown in Figure 11. The side-view images (Figure 11a,b) illustrate that the coating thickness of the sample was ~7.5 μm (1 mg/mL solution) or ~11.83 μm (5 mg/mL solution). The top-view images of the two different HA coating samples are shown in Figure 11c,d. It is noted that the sample of 1 mg/mL HA sol performed well with no redundant agglomerated HA particles on the coating surface. The samples of 1 mg/mL HA sol were then selected in the following work.



According to the corresponding standard (GB/T16886.5-2003 [53]), the cytotoxicity grade was divided into four grades. Among them, grade 0 (RGR ≥ 100%) means that the biomaterials present good biocompatibility, and grade 1 (75% ≤ RGR < 100%) means that the biomaterials exhibit no cell cytotoxicity. Both grades 0 and 1 suggest that the biomaterials qualify as implant materials. The proliferation tendencies of the 316L/HA, as-printed, and as-cast 316L stainless steel and TCPS after 24 h, 72 h, and 120 h of culturing are shown in Figure 12. It is noted that the 316L/HA samples exhibit the highest RGR, and in general the as-printed samples display better bioactivity than the as-cast samples. The cytotoxicity levels of both samples are either grade 0 or 1. On the other hand, the cell viability on the 316L/HA samples and the as-printed samples is significantly higher than the as-cast samples. These results indicate that all the samples present no cell cytotoxicity according to the RGR value, but the 316L/HA samples and the as-printed samples appear to have better biocompatibility than the as-cast samples, suggesting that the as-printed 316L stainless steel shows promise as good biomedical implant materials.



The cell morphologies on the 316L/HA samples after 120 h of culturing are shown in Figure 13. In this figure, the cell shape and spreading behavior in the four groups are shown to be quite similar to each other. This result suggests that the cells in each group almost reach a complete adhesion to the 316L matrix. Compared with the 316L/HA and the as-printed 316L stainless steel, the cells cultured on the as-cast samples shown in Figure 13c exhibit a near-round shape with less spreading. The 316L/HA and as-printed 316L stainless steel similarly show that the toxicity grade worsens as culturing time increases.



The cell densities after 120 h of culturing was measured by Image J, and the result is shown in Figure 14. For the same sample, three different points were tested, and the result is statistically different. Compared to what is outlined in the literature [25], the cell density of the as-printed and as-cast groups is shown to stay on the same level (~40,000 cells/cm2). The cell density of the 316L/HA group is ~69,800 cells/cm2, which is a little lower than that of the control group (~72,300 cells/cm2). This phenomenon likely occurred because the roughness of the HA coating prevented the confocal microscope to focus on the same plane. This probably caused the brightness of some cells’ morphologies to be too dim to be recognized by Image J. The real cell density of the 316L/HA group should be larger than 72,300 cells/cm2.





4. Discussion


4.1. Discussion on the Surface Roughness and Cellular Activities


In this study, evaluation of the as-printed samples’ RGR values generally showed that they had better biocompatibility than the as-cast samples. This result is consistent with the data in literature [21]. One reason for there being such a difference between the as-printed and as-cast samples is likely because of the higher level of surface roughness for the as-printed samples. Further experiments on proteins adsorption are needed to fully understand this phenomenon.



A Bruker 3-D profiler (ContourTG-K0) was used to measure the surface roughness of the samples. The 3-D profiler images (Figure 15a–c) and the average surface roughness (Figure 15d) are showed in Figure 14. Figure 15c represents the expected smooth surface for the as-cast sample. While the effect of the metallurgical defects or voids (dark dot in Figure 15b) increased the surface roughness for the as-printed sample, after the coated HA, the 316L and HA sample revealed different surface topographies (Figure 15c). The numerous peaks and valleys on the coated surface greatly increased the average Ra value to 3.3 μm (Figure 15d). Due to the higher surface roughness and enlarged surface area of the as-printed sample, it was able to adsorb more proteins and better mediate cell adhesion than the as-cast ones [54,55]. This is also likely to be the reason why the as-printed sample exhibited better bioactivity than the as-cast sample by RGR value.




4.2. Discussion on the Biocompatibility of the 316L+ HA


The 316L/HA samples exhibited excellent bioactivity, which is likely because the HA coating prevented iron release from the 316L stainless steel. To confirm this, the suspension from each group was collected after the culturing was completed, and nitrate was digested by using a water bath heated to 90 °C for 45 min. Filtered with 0.2 μm of filter membrane, the release of Fe, Ni, Cr, Mn and Mo ions from each experimental group were measured by Agilent 7700x Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Santa Clara, CA, USA).



ICP-MS results show that few Fe (~1.69 μg/L) and Cr (~0.36 μg/L) ions could be tested in the control group (culture medium). These were deducted from the original data, and the resulting 120 h culturing iron-releasing results are shown in Figure 16. Figure 16 shows that the outward diffusion of metal ions can be effectively blocked by HA coating, from 316L stainless steel to cell culture medium. Figure 16a shows that the release of Fe ions largely contributes to all five ions’ release, and this release decreases after the alloys are coated. The release from as-printed 316L stainless steel is slightly higher than that of as-cast 316L stainless steel. The Mn and Cr ion release (coated ~30–40 μg/L, uncoated ~80–90 μg/L), takes up 21% of all five ions’ release, and shares a similar trend with the Fe ion release. The Ni ion release is limited, as there are no significant differences between the release from coated and as-printed 316L. The Mo ion release could hardly be tested, and no significant difference can be observed. Figure 16b shows that for the 316L/HA, the concentration of the Cr ion increases sharply in the first 24 h, and the incremental rate of Cr decreases at 72 h and 120 h. After 120 h of culturing, the release of Cr ions reaches about 38.7 μg/L. This phenomenon may lead to an HA coating, and the chromic oxide film (generated in the first 24 h) can effectively block the Cr ion diffusion to cell culture medium. In addition, for bare 316L stainless steel, the release of Cr ions at 24 h, 72 h, and 120 h share a similar trend with the 316L/HA. Although no significant (p > 0.05) difference is observed in the release of Cr ions between the as-printed and as-cast groups, the amount of Cr released from all of the bare 316L stainless steel at 24, 72, and 120 h is significantly (p < 0.05) higher than that released from the 316L/HA.





5. Conclusions


Biomedical 316L stainless steel has been fabricated using SLM. High-density samples (98.9% relative density) have been obtained at 800 mm/s scanning speed and 30 μm layer thickness, using a 230 W continuous wavelength laser. The average grain size of an as-printed sample was ~13.5 μm, the tensile fracture strength of the as-printed 316L stainless steel was ~720.3 MPa, and the elastic modulus was ~214.2 GPa.



The 316L/HA was fabricated using the sol-gel spin coating method. The thickness of the HA coating on top of the 316L steel is able to be controlled by the concentration of the HA solution if necessary. According to the biocompatibility evaluation results and the RGR value, the 316L/HA presents no cell cytotoxicity and shows better bioactivity than that of the as-printed 316L. The results of this study suggest that SLM and spin coating are capable of producing 316L/HA material with no cell cytotoxicity, while maintaining good bioactivity and mechanical properties.
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Figure 1. A flow chart of the work. 
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Figure 2. (a) Dimensional drawing and (b) optical image of tensile samples. 
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Figure 3. Sintering curve for HA (hydroxyapatite) coating on the as-printed 316L stainless steel substrate. 
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Figure 4. (a) Particle size distribution and (b) SEM (Scanning Electron Microscopy) image of 316L stainless steel powder, (c) TEM (Transmission Electron Microscope) morphology of the nano-hydroxyapatite powders. 
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Figure 5. (a) Relative density of the 6 samples manufactured by SLM (selective laser melting); Optical microscope images of 316L stainless steel under three different laser energy densities: (b) 166.7 J/mm3 (200 W), (c) 191.7 J/mm3 (230 W), and (d) 216.7 J/mm3 (260 W). 
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Figure 6. XRD patterns of specimens under different types of laser power. 
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Figure 7. EBSD (Electron Backscattered Diffraction) image of (a) as-printed sample; (b) as-cast sample. 
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Figure 8. Vickers hardness of the 316L stainless steel samples manufactured by SLM. 
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Figure 9. (a) Typical stress–strain curve of the 170 W samples, (b) tensile strength and elongation of the 316L stainless steel samples. 
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Figure 10. Fracture morphology of SLM-processed 316L tensile samples: (a) laser power of 200 W; (b) laser power of 170 W; (c) magnification of fracture surfaces with laser power of 170 W and (d) ductile dimple fracture with laser power of 170 W. 
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Figure 11. HA coating thickness (a) 1 mg/mL solution (b) 5 mg/mL solution, and surface morphology (c) 1 mg/mL solution (d) 5 mg/mL solution. 
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Figure 12. The cell proliferation tendency. 
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Figure 13. L929 cells’ morphology on (a) 316L/ HA 316L/HA, (b) as-printed 316L stainless steel, (c) as-cast 316L stainless steel and (d) TCPS (Tissue Culture Polystyrenes). 
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Figure 14. The cell densities after 120 h of culturing. 
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Figure 15. 3-D profiler images of (a) 316L/HA, (b) as-printed 316L, (c) as-cast 316L and (d) the average surface roughness. 
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Figure 16. (a) Iron release from 316L/HA, as-printed and as-cast samples for 120 h, (b) the Cr release from 316L/HA, as-printed and as-cast samples for 24, 72, 120 h. 
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Table 1. Chemical composition of 316L stainless steel powders studied in this work (wt %).
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	Cr
	16–18
	Ni
	12–14
	Mo
	2–3





	Mn
	≤2
	Si
	≤0.75
	C
	≤0.1



	P
	≤0.1
	S
	≤0.1
	Fe
	remainder
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Table 2. XRD (X-ray diffraction) data of 2θ, intensity and peak FWHM (full width at half maximum) of the peak at crystal plane (111).
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	Sample
	2θ
	Intensity
	FWHM





	Standard
	43.582
	
	



	140 W
	43.695
	2369
	0.201



	170 W
	43.55
	2357
	0.241



	200 W
	43.568
	2437
	0.234



	230 W
	43.696
	3956
	0.203



	260 W
	43.657
	4548
	0.199



	290 W
	43.64
	5058
	0.180











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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