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Abstract

:

In this work, calcium phosphate (CaP) coating was electrodeposited on the three dimensional surface of SLM-Ti scaffolds. The in situ measurement showed that the potential variation within 5 mm thickness porous selective laser melting (SLM)-Ti samples was about 80 mV as a result of the low conductivity of CaP coatings. SEM observation results revealed that the coating morphology depended on the distance between the surface position of porous SLM-Ti electrode and the auxiliary electrode. Based on the compared electrochemical experiments, it was found that the top and the bottom surfaces of SLM-Ti scaffolds exhibited continuous nucleation and instantaneous nucleation behavior respectively. The Electrochemical impedance spectroscopy (EIS) results also revealed that the electrodeposition processes at different depth of SLM-Ti scaffolds were not synchronized. These differences were ultimately caused by the non-uniform distribution of the potential and the current inside porous SLM-Ti electrodes. The present work provides a basic research method for studying the mechanism of the electrochemical process on three dimensional surfaces of SLM-Ti scaffolds.
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1. Introduction


Bone fusion has been one of the most important issues in bone engineering. Porous titanium possessing interconnecting pores and high porosity enables the host bone to grow into the scaffolds, suggesting a direct bone fusion between the host bone and artificial bone can be achieved [1,2]. Selective laser melting (SLM) based on the principle of incremental manufacturing of materials is compatible with titanium and can directly control configurations with dimensional accuracy up to several hundred micros [3,4,5]. Recently, numerous attempts have been made to manufacture novel biomorphic titanium alloy and Ti-based matrix composites by SLM [6,7]. Meanwhile, the innovative potential and application prospect of SLM-Ti scaffolds in orthopedic surgery are widely expected.



To further promote bone fusion, it is critical to develop biomimetic coatings with specific surface characteristics on titanium-based biomaterials. Calcium phosphate (CaP) layer is considered to be osteoconductive and potentially osteoinductive in the early stages after implantation [8,9]. However, the biomechanical strength of CaP ceramic is too poor to be used as a load-bearing artificial bone. Therefore, CaP coatings prepared on bioinert titanium substrate were widely investigated to obtain a composite material with higher mechanical strength, better bone conductivity, and potential bone induction [10,11,12].



Among the many proposed techniques for depositing CaP layers onto titanium substrate, electrochemical deposition has shown advantages of relative simplicity, economy, and speed and it may allow uniform CaP deposition covering complex scaffold structures [13,14,15]. CaP coatings were electrochemically deposited on different metals in several solutions at controlled temperature [16,17]. However, most of the reports so far were based on two-dimensional (2D) substrates, while those based on three-dimensional (3D) scaffolds are limited [18]. In fact, the translation of electrochemical modification from 2D to 3D complex structures has not made much progress in the recent years. The non-uniform potential distribution within porous electrodes is still the critical unsolved problem. Since the electrode potential and current change along with the degree of depth change inside the SLM-Ti scaffolds, the variation of electrochemical reactions on the internal surface are in accord with the change of polarization behavior under the local electrochemical conditions. Furthermore, the potential and current distribution will become more non-uniform with the increase of deposition time, when the 3D electrode surface is coated with a lower electrical conductivity layer.



This work aims at investigating and comparing the CaP electrochemical deposition process on 3D SLM-Ti scaffolds and on 2D SLM-Ti sheets, for better understanding of the nucleation and growth behaviors of CaP coating on the entire surface within porous SLM-Ti electrodes.




2. Materials and Methods


2.1. Materials


Rectangular porous SLM-Ti scaffolds (3 mm × 3 mm × 5 mm, 750 μm pore size, designed porosity: 86%, and surface area: 148.6 mm2), were fabricated using a SLM 125HL machine (SLM Solutions, Lübeck, Germany) as shown in Figure 1. The raw material of the SLM-Ti scaffolds was commercially spherical pure Ti powder (>99.5% purity) with particle size less than 30 μm. The SLM processes were performed as described in our previous study [19]. The samples obtained with the above process were sandblasted using Lepco peenmatic 620 s rig to eliminate the effect of surface roughness on the electrodeposition process. SiC sands of 320 mesh were chosen to impact the whole surface of SLM-Ti scaffolds. SiC sands were carried by compressed air (0–0.8 MPa) through a nozzle. The sample-nozzle distance was fixed at 10–50 mm.




2.2. Preparation of CaP Coating


Electrodeposition of CaP was carried out in a solution containing 0.61 × 10−3 M CaCl2 and 0.36 × 10−3 M NH4H2PO4 in a typical three-electrode cell using a CHI-660D electrochemical station (CHI, Shanghai, China). The SLM-Ti scaffold was used as the working electrode, and a platinum sheet (20 mm × 20 mm) and a Ag/AgCl micro-electrode were used as the auxiliary and reference electrode, respectively. The samples were then rinsed with deionized water several times, and dried under vacuum.




2.3. Characterization


The chronoamperometry, cyclic voltammetry (CV), and EIS measurements of the CaP electrodeposition on porous SLM-Ti scaffolds and dense SLM-Ti sheets were performed in the electrodeposition solution. In situ potential scanning measurement within the SLM-Ti scaffolds was carried out with the Unisense micro-reference electrode REF-10 with the outside tip diameter 10 μm. The REF-10 was fixed on the MM33 micromanipulator, which can control the movement accuracy of the REF-10 on the x-axis, y-axis, and z-axis to be 10, 10 and 100 microns respectively. The time monitoring potential at the top and bottom surface of the SLM-Ti scaffolds was set as 200 s and 20 s respectively. Each experiment was repeated at least five times, with a fresh specimen for each test. The surface morphology was examined by field emission scanning electron microscopy (Nova Nano SEM 430). The phase composition was identified by XRD analysis (X’ Pert Pro MRD).





3. Results and Discussion


3.1. Potential Distribution within SLM-Ti Scaffolds


The potential distributions are influenced by factors of cell geometry, electrode shape, electrolyte conductivity, charge overpotential, and concentration overpotential. Here, the resistance within the cell was the main factor to be analyzed, because the potential distribution will become more uniform if the effects of concentration overpotential and charge overpotential are taken into consideration [20]. For the electrochemical process inside the porous electrode, the ohmic resistance inside the cell is related to the conductivity of the electrolyte and the coating according to Ohm’s law.



The potential variation within porous SLM-Ti samples during the CaP deposition is shown in Figure 2. It can be observed that the potential difference within the 5 mm thickness SLM-Ti scaffolds was approximately 50 mV at the beginning of the deposition and increased to 80 mV with the extension of deposition time since the 3D surface was gradually covered by the lower electrical conductivity layer.



SEM photographs (Figure 3) show that the CaP layer deposited on both the inner and outer surfaces of SLM-Ti scaffolds. XRD analysis confirmed that the deposited layers were calcium phosphate (Figure 4). At the lower magnification (Figure 3a,b), the complete and dense deposited layer is observed on the top surface of SLM-Ti scaffolds, while the non-complete and porous layer is observed on the bottom surface. At the higher magnification (Figure 3c,d), the SLM-Ti scaffolds show a plate-like structure on the top surface, while the bottom surface mainly exhibits the needle-like dendrite structure. These data confirm that the distribution of current and potential of SLM-Ti scaffolds was non-uniform, as was, correspondingly, the deposition rate.



XRD patterns of the coated SLM-Ti scaffolds (Figure 4) revealed the appearance of peaks for apatite CaP (at 2θ = 18.79°, 22.90°, 25.88°, 28.13°, 28.97° and 31.78°). These apatite peaks were not present on uncoated SLM-Ti scaffolds. This analysis suggested the deposited layer on SLM-Ti scaffolds under this experimental condition was hydroxyapatite (JCPDCS # 00-009-0432).




3.2. Nucleation and Growth of CaP Coatings


Figure 5 shows the cyclic voltammograms curves, plotted by measuring the dense and porous SLM-Ti samples immersed in the deposition electrolyte. It shows that the voltammograms are characterized with two cathodic peaks, which were associated with the reduction of water and the reduction of H2PO4− to HPO42−, respectively [21]. The CV diagrams of both dense and porous SLM-Ti samples show a characteristic hysteresis which appeared after potential sweep reversal. Based on the previous potentiostatic experiments [22,23], it can be confirmed that under the present experimental conditions, the electrodeposition on titanium substrate occurred predominantly in a 3D nucleation mode.



To analyze the local deposition process, the micro-reference electrode was placed at different depths of SLM-Ti scaffolds for CV experiments under the same setting from −1.8 to 0.2 V. When the micro-reference electrode was placed on the bottom surface of the SLM-Ti scaffolds, the actual applied potential was the largest to make up for the ohmic drop. For the same reason, the absolute value of the applied potential in order of magnitude should be En (bottom) > En (middle) > En (top) under the same potential setting.



Here, the term “crossover voltage” (Ec) is used to refer to the point in CV where the currents of the forward and the reverse cycles intersect. If the nucleation process is reversible and charge transfer limited throughout the entire voltage range of the CV, the potential Ec should not vary with variations in En.



On the other hand, if the nucleation process becomes diffusion-limited at large negative values of En, then Ec changes in the opposite direction of any changes of En [24]. The results in Figure 3 show a similar situation, suggesting the presence of diffusion-limited mass transfer. In Figure 3, Ec changes inversely with En, having the values of −1.52, −1.41, and −1.25 V for En obtained with the micro-reference electrode located at top, middle, and bottom surface, respectively.



Besides, whether the nucleation of CaP deposit on porous SLM-Ti electrode depends on the voltage scan speed v was tested in Figure 6. It was shown that the scan speed v set at 5 and 10 mV s−1 always yielded crossed voltammograms, indicating the presence of 3D nucleation in these scans. For v ≥ 25 mV s−1, the voltages changed too fast to support nucleation. Based on these results, and those in Figure 5, it can be concluded that under the present experimental conditions, the nucleation process of CaP coating at the different depth of SLM-Ti scaffold was mainly controlled by mass transfer.



Figure 7a shows the current-time transients recorded on porous and dense SLM-Ti samples in deposition electrolyte. The curves have the tendency to decrease first and then increase up to a current maximum value (tmax, imax). Obviously, it takes the longer time for the porous SLM-Ti scaffolds to reach the maximum current.



Based on the above discussion (Figure 5 and Figure 6), the nucleation process was diffusion controlled under the experimental condition analyzed here. Theoretical plots for progressive and instantaneous 3D nucleation processes under diffusion control are given by the following equations in terms of the current maximum value (tmax, imax) [25]:


     i 2     i m 2      =   1.2254    t m   t     [  1 − e x p  (  − 2.3367    t 2     t m 2     )   ]   2   



(1)






     i 2     i m 2      =   1.9542    t m   t    [  1 − e x p  (  − 1.2564  t   t m     )   ]  2   



(2)







Figure 7b–d shows the non-dimensional i2/i2m versus t/tm plot for the data from Figure 5. For instantaneous nucleation, the nuclei were formed at the beginning of polarization and the number of nuclei were constant. For progressive nucleation, the number of nuclei showed a linear relationship with the time. A convenient criterion is to compare the experimental data with the two limiting cases of the theoretical nucleation growth models. As shown in Figure 7b, the curve of CaP deposited on dense SLM-Ti samples is consistent with the theoretical curve based on the instantaneous 3D nucleation model. For SLM-Ti scaffolds, when the micro-RE was placed on its bottom surface, the curve is consistent with the instantaneous 3D nucleation model; however, when the micro-RE was placed on its top surface, it is more agreement with progressive 3D nucleation model. The difference can be attributed to the non-uniform distribution of the current and potential of SLM-Ti scaffolds. As discussed above, the absolute value of the applied potential in order of magnitude is En (bottom) > En (middle) > En (top) under the same potential setting. Thus, imax increases and tmax decreases with the actual applied potential.



There is a threshold voltage for electrodeposition and nucleation. When the applied potential at the top surface of porous SLM-Ti electrodes was set close to the threshold potential, the nucleation could occur first on the top surface and then on the inner surface, which is consistent with the progressive nucleation model. On the contrary, if the applied potential on the whole surface of porous SLM-Ti electrode could reach the threshold potential, just as in the case of placing the micro-RE on the bottom surface, the electrodeosition process followed the 3D instantaneous nucleation. Based on the reported potentiostatic methods [26,27,28], under the working conditions of this experiment, CaP deposition predominantly occurred in 3D instantaneous nucleation.



To detect the changes of the entire surface of porous SLM-Ti electrodes during CaP deposition, EIS data in Figure 8 were recorded at different deposition times using the conventional Ag/AgCl reference electrode. The plot included a semicircle at Zre axis in the high-frequency region and a straight line in the low-frequency region. The equivalent electrical circuit shown in Figure 9 was used to fit the EIS results [29]. In this circuit, the Re is attributed to the ohmic drop of electrolyte, Qc is the electrical capacitance of the deposition layer, Rp corresponds to the electrical resistance of the deposition layer, Rct is the charge transfer resistance, W represents Warburg impedance, and Qdl is the double layer capacitance.



During the deposition process, the bare electrode surface was gradually covered with the low electrical conductivity layer, and the semi-circle in the high frequency region is attributed to the parallel connection of the resistance and capacity characteristic of CaP coatings. This correspondence is consistent with the increase of the circle diameter when the coverage percentage increases, namely when the coating resistance Rp increases.



Figure 10 shows Nyquist plots obtained at different depths of SLM-Ti scaffolds. It can be found that the plots obtained from the local area of SLM-Ti scaffolds by using the micro-reference electrode are well fitted to the equivalent circuit (Figure 9) also. For the top surface of SLM-Ti scaffolds (Figure 10a), there is an obvious capacitive loop, so the charge transfer resistance cannot be ignored. However, for the bottom surface of SLM-Ti scaffolds (Figure 10b), the semi-circle in Nyquist plot is very small. In the case of a mixed system controlled by the kinetic and diffusion processes, the different plot shape of Nyquist diagram confirms that the electrochemical deposition reaction at different depth is not uniform. Inside the porous SLM-Ti electrode, the closer to the counter electrode, the faster the electrodeposition rate is. The bottom surface deep inside the SLM-Ti scaffold was relatively lower covered by CaP deposit, which is confirmed by Figure 3. Thus, for the bottom surface of the SLM-Ti scaffold, the charge transfer impedance in the equivalent circuit is not significant and the contribution of the diffusion impedance W becomes predominant. At this depth, the electrodeposition process is mainly controlled by the diffusion process associated with the concentration gradient localized in the porous electrode and the porous CaP layer.





4. Conclusions


The nucleation and growth behaviors of the electrodeposition of CaP coating on 3D surfaces of SLM-Ti scaffolds were studied in this work. The comparative analysis shows that the differences of CaP electrodeposition mechanism between 3D and 2D SLM-Ti substrates are mainly attributed to the non-uniform distribution of the potential and current inside SLM-Ti scaffolds. The results provide the necessary data for fine-tuning deposition parameters, such as decreasing potential variation or/and intensifying mass transport within SLM-Ti scaffolds, to obtain the CaP coating with uniform physicochemical properties. Thus, the biological properties of SLM-Ti scaffolds can be predicted.
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Figure 1. (a) Computer design model of rectangular a SLM-Ti scaffold and (b) a manufactured SLM-Ti scaffold. 
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Figure 2. (a) Voltage against time curves measured with micro-reference electrode placed at bottom surface and top surface of SLM-Ti scaffolds and (b) description of potential measurement point. 
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Figure 3. Scanning electron micrographs of coated SLM-Ti scaffolds: (a,c) the top surface and (b,d) the bottom surface. 
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Figure 4. XRD analysis of the crystalline structure of deposited layers on SLM-Ti scaffolds. 
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Figure 5. Cyclic voltammograms for CaP electrodeposition on SLM-Ti scaffolds with micro-reference electrode placed at different thickness. 
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Figure 6. Effect of scan rate on the cyclic voltammograms of SLM-Ti scaffolds. (a) 5 mV·s−1, (b) 10 mV·s−1, (c) 25 mV·s−1, (d) 50 mV·s−1. 
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Figure 7. (a) Current against time transient plots recorded on dense and porous SLM-Ti samples and the experimental data measured on (b) dense SLM-Ti samples, (c) top surfaces, and (d) bottom surfaces, respectively, of porous SLM-Ti samples are compared to the simulated data for 3D nucleation models. 
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Figure 8. Nyquist diagrams for CaP coating on SLM-Ti scaffolds at deposition time of (a) 6000 s, (b) 3000 s, and (c) 1000 s. ■■■: experimental data and ○○○: fitting result. 
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Figure 9. The equivalent circuit used to fit the impedance diagrams in Figure 6. 
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Figure 10. Nyquist diagrams for CaP electrodeposition on (a) the top and (b) bottom surface of SLM-Ti scaffolds at deposition time of 3000 s. ■■■: experimental data and ○○○: fitting result. 
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