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Abstract

:

In this work, carbonated hydroxyapatite (CHA) based on abalone mussel shells (Haliotis asinina) is synthesized using the co-precipitation method. The synthesized CHA was mixed with honeycomb (HCB) 40 wt.% for the scaffold fabrication process. CHA and scaffold CHA/HCB 40 wt.% were used for coating a Titanium (Ti) alloy using the electrophoretic deposition dip coating (EP2D) method with immersion times of 10, 20, and 30 min. The synthesized B-type CHA with a stirring time of 45 min could have lower transmittance values and smaller crystallite size. Energy dispersive X-ray spectroscopy (EDS) showed that the Ca/P molar ratio was 1.79. The scaffold CHA/HCB 40 wt.% had macropore size, micropore size, and porosity of 102.02 ± 9.88 μm, 1.08 ± 0.086 μm, and 66.36%, respectively, and therefore it can also be applied in the coating process for bone implant applications due to the potential scaffold for bone growth. Thus, it has the potential for coating on Ti alloy applications. In this study, the compressive strength for all immersion time variations was about 54–83 MPa. The average compression strengths of human cancellous bone were about 0.2–80 MPa. The thickness obtained was in accordance with the thickness parameters required for a coating of 50–200 μm.
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1. Introduction


For several years, there has been an increased demand for bone replacement or hard tissue damaged from various factors such as osteoarthritis, osteoporosis, dentistry, war-related injuries, and traffic accidents [1]. Currently in Indonesia, bone implants are imported, but with increasing numbers of patients requiring bone replacements there is a need for biomaterials that can be used to regenerate skeletal tissue [1,2,3].



The treatment for bone damage is to use metals such as 316L stainless steel (316L SS) to replace damaged bones. However, this treatment creates problems due to the low level of biocompatibility of the metal, which causes pain and bruising in the surrounding tissue [4]. The 316L SS devices can also result in problems from galvanic corrosion, crevices, and the release of dangerous Cl and Fe ions into tissues. Therefore, because these surfaces are not bioactive, they must be modified using osteoconductive materials such as bioceramics, including hydroxyapatite (HA). These new alternatives are used because they can effectively reconstruct human bone tissue [5,6,7].



HA (Ca10(PO4)6(OH)2) is an alternative material used in biomedical applications [2]. HA has the lattice parameters of a = 9.433Å and c = 6.875Å, and a variable Ca/P mol ratio of 1.67 [8,9]. HA’s advantages are its bioactivity, biocompatibility, and non-corrosiveness. Currently, HA is deposited as a coating on metal coating materials to help suppress the release of harmful metallic ions [10]. Accordingly, HA works as a bioceramic, which has excellent biological characteristics that facilitate bone repair and reconstruction [11].



A recent study was conducted to develop minerals similar to natural bone in terms of crystallinity, chemical composition, and microstructure. Natural bone consists of the mineral carbonate (CO3)2−, which varies based on age, approximately 2%–8% [11] by total weight, in addition to other bone-forming elements. The combination of HA and carbonate minerals from external sources and natural bone is called carbonated hydroxyapatite (CHA). CHA shows better biological properties due to its low crystallinity and increased surface area; consequently, it indicates better bioactivity and is applicable in biomedical applications [12].



CHA (Ca10−x(PO4)6−x(CO3)x(OH)2−x with 0 ≤ x ≤ 2), as a bioceramics candidate for bone implants, consist of three types: B-type (the carbonate ion substitutes the phosphate ion), A-type (the carbonate ion substitutes the hydroxyl ion), and AB-type (the carbonate ion covers the phosphate and hydroxyl ions simultaneously). B-type CHA is the most widely used in biomedical applications [13]. Generally, B-type CHA can reabsorb osteoclasts and is highly soluble in apatite lattices in clinical tests [14]. The combination of carbonate ions and tetrahedral phosphates in B-type CHA causes alterations in the lattice parameters of the crystal structure of CHA [15].



Synthetic CHA can be produced through the reaction of synthetic compounds and the reaction of natural compounds. Natural compounds such as biogenic materials can be obtained from some shells and bones [8]. In this work, the CHA was fabricated using abalone mussel shells (Haliotis asinina) as the natural ingredient and source of calcium from Indonesia because of the higher content of calcium carbonate (CaCO3), which is 90%–95% [16].



CHA can be synthesized using several techniques, including co-precipitation [12,17,18], nano emulsion [19,20], sol-gel [21], mechanical alloying [22], and mechanochemical-hydrothermal methods [23,24]. In this work, the co-precipitation method was selected based on specific considerations: several CHA synthesis approaches do not require any organic solvent, thereby making the process cost-effective; the co-precipitation method is simple as well as cost-effective with a high throughput (87%), which makes it suitable for large-scale production [9].



Biopolymers are increasingly used in biomedical applications due to their chemical similarities with the extracellular matrix of many tissues and their beneficial biological performance [25]. To refine the mechanical and biological behavior of inorganic composite materials, a great deal of interest has focused on organic polymer coatings [1]. As a biopolymer, HCB is interesting for its fully interconnected pores of uniform size and high mechanical strength in the direction of the pores [26]. The HCB architecture is identified by orderly unidirectional macropore or channel that penetrate the materials. Moreover, as a natural polymeric porogen and non-toxic pore-forming agent in a scaffold, HCB structures offer great strength with low weight and less material [27].



Presently, the biomaterials used for dental and orthopedic applications are Ti alloys, stainless steel, magnesium-based alloys, and cobalt-chromium alloys [1,28,29]. Ti and its alloys have become the most popular biomaterials for orthopedic and dental implants [30]. Ti-alloys have proven to be relevant for their excellent corrosion resistance, suitable mechanical properties, attractive biocompatibility, non-toxicity, perfect antibacterial character, average elastic modulus, good strength-to-weight ratio, and superior photocatalysis [1,11,29]. Various methods for the coating process on metal surfaces have also been developed, including dip coating [29], electrophoretic deposition (EPD) [1,3,30,31], sol-gel coating [6,32], and plasma spraying [10]. Among such methods, dip coating and EPD are the easiest; however, the EPD method has a greater chance of cracking due to manual withdrawal of the coating. The presence of cracking in the layer greatly affects the characteristics when implanted in the body [3]. In addition, the coating process using the dip-coating method requires more time [29]. Therefore, it is necessary to combine the two methods in order to have an impact in controlling surface morphology, layer thickness, free cracking, and the formation of a homogeneous layer relatively quickly. The combination of the two methods results in an electrophoretic deposition dip coating (EP2D). This tool is a combination of a series of dip coater devices and EP2D tools that were integrated on the computer. This tool is used for the coating process of CHA and the scaffold CHA/HCB to Ti alloy.



In this work, CHA was fabricated via co-precipitation using calcium carbonate (CaCO3) from abalone mussel shells with stirring time variations. The characteristics of CHA were characterized, including its effect on crystallographic properties, Ca/P molar ratio, its thermal properties, and the functional groups of CHA samples. The best synthesized CHA was mixed with HCB porogen at a concentration of 40 wt.% for the scaffold fabrication treatment. The physicochemical properties of the scaffold CHA/HCB were analyzed using scanning electron microscopy energy dispersive X-ray spectroscopy (SEM-EDS), X-ray diffractometer (XRD), and Fourier transform infrared spectroscopy (FTIR). This study has added the HCB from Indonesia as a biopolymer and porous agent scaffold to CHA. The CHA/HCB confirms the non-toxicity scaffold as shown in previous research [33]. Therefore, the authors tried to coat the Titanium (Ti) alloy with the scaffold CHA/HCB to create CHA/HCB/Ti coatings. CHA and the scaffold CHA/HCB 40 wt.% were used to coat the Ti alloy using the EP2D method developed by the authors with immersion times of 10, 20, and 30 min. The physicochemical properties of CHA/Ti and CHA/HCB/Ti coatings were characterized using SEM and XRD. Evaluation based on compressive strength parameters of CHA/Ti and CHA/HCB/Ti used a universal testing machine (UTM).




2. Materials and Methods


The fabrication was divided into four main steps: synthesis of CHA from abalone mussel shells, fabrication of the scaffold CHA/HCB, CHA/Ti coating, and the CHA/HCB/Ti coating procedure. The schematic procedure for this study can be seen in Figure 1.



2.1. Materials


The abalone mussel shells used as a source of calcium carbonate (CaCO3) were obtained from Bali, Indonesia [9,33]. The precursors of diammonium hydrogen phosphate ([NH4]2HPO4), ammonium bicarbonate (NH4HCO3), and ammonium hydroxide (NH4OH) 25% solution were purchased from Merck (Kenilworth, NJ, USA) [9,33]. Ethanol 96% solution was obtained from Material Physics and Electronics Laboratory, Universitas Gadjah Mada, Yogyakarta, Indonesia. HCB was obtained from Sentra Madu, Yogyakarta, Indonesia. Ti plate (ASTM B265-GR.1) was purchased from NET ARTIDAYA as Engineering and Industrial Support Company, Bekasi, Indonesia.




2.2. Synthesis of CHA


The CaO and CHA were fabricated during prior research, so this study used those samples [9,33]. An amount of 6.048 g of CaO powder was mixed with 60 mL of distilled water for 1 h with a stirring velocity of 350 rpm at room temperature until the solution formed calcium hydroxide (Ca(OH)2. Then, an amount of 8.5536 g (NH4)2HPO4 was mixed with 70 mL of distilled water for 1 h with a stirring velocity of 350 rpm at room temperature. The pH was controlled by adding 15–30 mL of NH4OH 25% into the (NH4)2HPO4 solution while still stirring, until an (NH4)2HPO4 solution was formed in alkaline phase. An amount of 5.1192 g NH4HCO3 was mixed with 50 mL of distilled water for 1 h with a stirring velocity of 350 rpm at room temperature. Then, the NH4HCO3 solution was added dropwise to the (NH4)2HPO4 solution at a rate of 1 mL/min at room temperature while stirring, until the carbonate-phosphate solution was formed. The carbonate-phosphate solution was added dropwise at 1 mL/min to the Ca(OH)2 solution. The solution was stirred at a velocity of 350 rpm for 15 min. In this work, the pH of the mixture was kept above 9 by adding ammonium hydroxide (NH4OH, 25%) 3 M. The compound was stirred at a velocity of 350 rpm for stirring times of 15, 30, and 45 min at a temperature of 60 °C. The solution was subjected to an aging treatment for 24 h and was filtered for 24 h to get the samples’ precipitate. After the filtering process, each sample was purified using 30 mL of distilled water for 20 min at a velocity of 4000 rpm. The sample was dried in an oven at a temperature of 100 °C for 24 h to reduce the moisture content until a dry CHA compound was formed. Finally, CHA was calcined at a temperature of 1050 °C for 2 h.




2.3. Synthesis of Porous CHA-Based HCB Scaffolds


HCB was mixed with the best synthesized CHA to produce the scaffold. Based on previous research [33], the scaffold was fabricated using the HCB wax concentration of 40 wt.% to obtain the pore structure.




2.4. Coating Procedure for CHA/Ti and CHA/HCB/Ti


2.4.1. Preparation of Substrate for Coating Procedure


The substrate used was Ti alloy cut to 2 cm × 1 cm dimensions and a thickness of 1 mm. The substrate was soaked in acetone solution overnight to omit adhered dirt. All samples were sanded with 1500 grit sandpaper and soaked in acetone again for one night so that they were sterile.




2.4.2. Preparation of CHA and Scaffold CHA/HCB Solutions


An amount of 0.4 g CHA and CHA/HCB was dissolved in 40 mL ethanol 96%. CHA/ethanol and CHA/HCB/ethanol solutions were stirred for 60 min at a temperature of 60 °C. HA has the ability to act as a catalyst, and it has the unusual property of containing an acidic site and a basic site in a single crystal lattice [34]. The stoichiometric HA (Ca10(PO4)6(OH)2) with hexagonal lattice symmetry (P63/m) has structural flexibility [35]. Thus, the HA lattice can undergo considerable distortion by incorporating Ca2+ and PO43− ions of different sizes [35]. Therefore, it is possible to change the acid-base properties of HA by modifying its catalytic activity. By adding OH− and/or PO43− ions with CO32− anions to HA, CHA can be produced. Therefore, CHA also has the ability to act as a catalyst that can bind acidic materials (ethanol) and alkaline materials [35]. Thus, CHA is completely soluble in ethanol.




2.4.3. Coatings and Calcination Processes for CHA/Ti and CHA/HCB/Ti


CHA/Ti and CHA/HCB/Ti coatings were applied using EP2D, with two titanium substrates used as the cathode and anode. The CHA/Ti and CHA/HCB/Ti substrates were put into CHA/ethanol and CHA/HCB/ethanol, respectively, and were stirred with a magnetic stirrer (Thermo Fisher Scientific, Waltham, MA, USA) with a DC source voltage of 50 V. The EPD treatment was carried out with immersion time variations of 10, 20, and 30 min. The two substrates were withdrawn from the CHA/ethanol and CHA/HCB/ethanol solution at a velocity of 0.1 mm/s, which was controlled by a stepper motor (PT. Swayasa Prakarsa, Yogyakarta, Indonesia) via computer, as shown in Figure 1. The CHA/Ti and CHA/HCB/Ti were dried at room temperature before being calcinated at 900 °C for 3 h using a furnace (Vulcan, Yucaipa, CA, USA).





2.5. Characterization of CHA Particles, CHA/Ti Coating, and CHA/HCB/Ti Coating


2.5.1. Morphology, Particle Size Distribution, Thickness, and Composition Analysis


The morphology of the CHA and the thickness of CHA/Ti and CHA/HCB/Ti coatings were characterized by SEM-EDS (JEOL JSM-6510LA-1400, Tokyo, Japan). The EDS included in the SEM performed was used to specify the element compositions of the CHA powders. The particle size distribution of the CHA was computed based on the measurements of 100 randomly selected particles using ImageJ software version 2006 (National Institutes of Health (NIH), Bethesda, MD, USA) [36,37].




2.5.2. Crystallographic Analysis


The crystallographic properties of CHA, scaffold CHA/HCB 40 wt.%, and CHA/Ti and CHA/HCB/Ti coatings were analyzed by XRD (PAN analytical Type X’Pert Pro, Tokyo, Japan). The XRD pattern was recorded in the range of   2 θ : 10 – 80 °   using   Cu –  K α    radiation at   λ = 0.154   nm   [9,33].




2.5.3. FTIR Analysis


FTIR (Thermo Nicolet iS10, Tokyo, Japan) was used to analyze the functional groups of CHA with stirring time variations and scaffold CHA/HCB 40 wt.%. Separately, the powder and scaffold were milled and mixed with potassium bromide and pressed into compact tablets. The FTIR instrument was operated in the range of 400 − 4000 cm−1 [33].




2.5.4. Thermal Properties


Differential scanning calorimetry (DSC-60 Plus Shimadzu, Tokyo, Japan) was used to analyze the temperature fusion of the best CHA sample. The CHA measurement was taken using a flow rate of 20 mL/min, starting at room temperature and increasing to 600 °C [33].




2.5.5. Compressive Strength Test and Its Statistical Analysis


Evaluation based on compressive strength parameters used the universal testing machine (TN20MD, Controlab, Paris, France). All compressive strength data were presented as means ± standard deviation (SD) and one-way analysis of variance (ANOVA) was used to analyze the obtained results, followed by Tukey’s test, with p-values < 0.05 considered statistically significant.






3. Results


3.1. Physicochemical Analysis of CHA


The morphology and particle size distribution of the CHA with different stirring times are shown in Figure 2. CHA with a stirring time of 30 min had a small agglomerate shape and even structure. CHA with stirring times of 15 and 45 min had a form with large and uneven clumps. These samples were spherical and showed more regular shape at sizes below 1 μm [33]. The morphology results were supported by particle size distribution analysis (Table 1). These data indicate that the variation in stirring time caused the CHA particle sizes to increase.



FTIR analysis is used to identify characteristic CHA function groups, namely PO43−, CO32−, and OH−. The FTIR test results (Figure 3) show that the CHA with stirring times of 15, 30, and 45 min exhibited the functional groups of B-type CO32− at 876–875 cm−1 and 1415 − 1413 cm−1. The characteristics of B-type CHA were formed when the carbonate ions switched the phosphate ions in the HA structure [12]. The PO43− absorption was shown at 603 − 572 and 1050 − 962 cm−1 for all stirring times. The characterization results showed OH− stretching functional groups at 3642 and 3571 cm−1 for all stirring times. The absorption of H2O and mode OH− was shown at 1635–1631 and 633–631 cm−1.



Based on data in Table 2, the Ca/P molar ratio tended to increase when the stirring time increased. The EDS analysis for CHA with a stirring time of 45 min revealed a Ca/P molar ratio of 1.79, which approach that of natural bone of 1.71. This result was expected from CHA because the carbonate ions substituted some phosphate ions in their crystal structure [33].



In this study, CHA with a stirring time of 45 min was demonstrated to be the best bioceramic material by its morphology, particle size distribution, and composition characteristics. The crystallographic properties analysis and temperature fusion studies were carried out using XRD and DSC, respectively. Based on the XRD analysis, shown in Figure 4a, the pattern formed was characteristic of B-type CHA and HA. Characteristic HA and CHA peaks are identified (JCPDS No.09-0432) and (JCPDS No. 19-0272), respectively. They formed three characteristic peaks at diffraction angles of 31.83°, 32.92°, and 34.07° with diffraction planes of (112), (300), and (202), respectively. CHA with a stirring time of 45 min had a crystallite size (s) and microstrain (  ε )     of 41.87 ± 3.93 nm and 0.0021, respectively. The results of the DSC analysis can be shown in Figure 4b: it had a fusion temperature of 445.94 °C and an enthalpy of −31.36 j/g. According to DSC analysis, CHA with a stirring time of 45 min underwent an oxidation process. The physicochemical analysis of CHA with a stirring time of 45 min shows that it can be applied in coating processes for bone implant applications.




3.2. Physicochemical Analysis of Scaffold CHA/HCB/40 wt.%


The physicochemical properties of scaffold CHA/HCB 40 wt.% were characterized through SEM, XRD, and FTIR. According to the SEM results shown in Table 3 and Figure 5a,b, scaffold CHA/HCB 40 wt.% had macropore and micropore sizes of 102.02 ± 9.88 and 1.08 ± 0.086 μm, respectively. As shown in previous research, scaffold CHA/HCB 40 wt.% also had a porosity of 66.36% [33]. The chemical changes during the fabrication process and crystallographic properties of scaffold CHA/HCB 40 wt.% were investigated by FTIR and XRD, respectively. The FTIR spectra data (Figure 5c) and Table 3 show that scaffold CHA/HCB 40 wt.% showed the functional groups of B-type CO3-HCB    v  3       vibration [1]. The XRD pattern of the scaffold (Figure 5d) indicates that the HCB used was completely degraded from the scaffold because it contrasted with the diffraction pattern of the synthesized CHA sample; no other diffraction peaks appeared in each scaffold CHA/HCB 40 wt.% fabrication process [33,38].




3.3. Electrophoretic Deposition Dip Coating (EP2D) of CHA/Ti and CHA/HCB/Ti Coatings


3.3.1. Compressive Strength


The compressive strength of CHA/Ti and CHA/HCB/Ti with immersion times of 10, 20, and 30 min were investigated, and the results are represented in Table 4 (CHA/Ti coating) and Figure 6a,b. Based on these results, immersion time affected the mechanical properties, including compressive strength [4]. The longer the immersion time, the thicker the bioceramic layer deposited on the substrate surface. The compressive strength tended to increase, as shown in the compressive strength for CHA/HCB/Ti (Figure 6b). However, the CHA/Ti coating for an immersion time of 20 min tended to decrease. This was influenced by the low crystalline characteristic of CHA and the effect of reduced rotation, which caused the stirring velocity to decrease. Therefore, the CHA layer was imperfectly deposited. Based on the one-way ANOVA (Figure 6a) to specify the effect of immersion time on the compressive strength value of CHA/Ti, the p-value was 0.059 (p > 0.05). In this study, no repetition of the CHA/HCB/Ti coating was carried out, so no statistical analysis was done for CHA/HCB/Ti. In this study, the compressive strength value for the control group (Ti alloy) was higher than the experimental group. This is because during the testing process, the Ti plate coated with CHA and scaffold CHA/HCB 40 wt.% was broken after being subjected to pressure from the compressive strength testing tool, so that its compressive strength was reduced.




3.3.2. XRD Analysis


The XRD pattern of the CHA and CHA/HCB layers on Ti alloy for immersion times of 10, 20, and 30 min are shown in Figure 7 and Figure 8. Each XRD pattern showed the CHA, HA, and Ti phases (Figure 7). The XRD pattern of the CHA/Ti and CHA/HCB/Ti coatings was compared with the characteristics of Ti (JCPDS No.89-5009), HA (JCPDS No.09-0432), and CHA (JCPDS No. 19-0272). The XRD pattern only showed the CHA and Ti phases for the scaffold CHA/HCB layer on Ti alloy (Figure 7). Overall, the peak of the CHA phase was more intense for CHA/HCB/Ti than for CHA/Ti, which can be connected to the different thicknesses of the coating [30]. These results will be confirmed through SEM analysis for the thickness of CHA/Ti and CHA/HCB/Ti.



Immersion time treatment of CHA/Ti and CHA/HCB/Ti caused changes in crystallographic properties, including crystallite size, microstrain, and lattice parameter, as shown in Table 5. The immersion time treatment in the coating process of CHA/Ti and CHA/HCB/Ti caused the crystal behavior to increase, so that the width of the diffraction peaks was reduced. Consequently, the crystallite size increased rapidly, while the microstrain decreased as in the CHA/HCB/Ti coatings for all immersion time treatments. As explained in previous research [9,33], the microstrain was a form of crystal imperfection that caused a dislocation. A big microstrain value showed a more significant number of defects in the crystal. However, the CHA/Ti coating with an immersion time of 20 min caused a decrease in crystallite size and an increase in microstrain. This is thought to be related to the intensity of the Ti alloy phase, which was still less intense on the CHA/Ti coating. This was supported by the presence of the HA phase that still appeared on the results of the CHA/Ti coating.



As shown in Table 5, the lattice parameters of the CHA/Ti and CHA/HCB/Ti coatings effected a transformation in value, where the a and c lattice parameters of the samples increased with the length of immersion time. Changes in lattice parameters occurred due to the calcination process during the sample densification process [11,33]. This also resulted in a contraction of the lattice in bioceramic and scaffolded CHA/HCB.




3.3.3. Thickness Analysis by SEM


The thickness of the CHA/Ti and CHA/HCB/Ti coatings for immersion time variations of 10, 20, and 30 min are shown in Figure 9 and Figure 10. In this study, the coating process also used a constant high voltage of 50 V. In the first period of EPD at a constant voltage, thickness increased with time [30,39], but over a more extended period, this effect was not observed, as shown in CHA/Ti for immersion time of 20 min. In this sample, the thickness value decreased (Figure 9 and Table 6).



The immersion time could increase coating thickness, even after a short immersion time of 10 min, as shown in the CHA/HCB/Ti coating (Figure 10 and Table 6). A longer immersion time treatment means the Ti alloy and the CHA and scaffold CHA/HCB suspension are longer. It also affected the increase of CHA and scaffold CHA/HCB deposited on the surface, so the thickness also increases. This will cause more and more samples to stick so that the thickness will increase. Based on the data shown in Table 6, the thickness values for all samples were about 41–88 μm.






4. Discussion


4.1. CHA Synthesized from Abalone Mussel Shells and Scaffold CHA/HCB 40 wt.%


SEM-EDS, XRD, and FTIR were used to investigate the physicochemical properties of CHA with stirring-time variations. Based on SEM analysis (Figure 2 and Table 1), the longer stirring time can cause more agglomeration, thus stirring-time treatment also affects the level of aggregation of the CHA [33,40]. All data pertaining to particle size showed a more normal distribution, while the degree of agglomeration tended to increase (Table 1). Based on the FTIR data (Figure 3), there was a shift in the transmittance value of the carbonate and phosphate groups that tended to be lower and higher values along with the longer stirring times. Therefore, stirring time affected the intensity of the functional group, based on the FTIR [41]. In this result, CHA with the stirring time of 45 min could have a lower transmittance value, thus the carbonate content of this CHA was indicated to be high. The higher carbonate content in CHA also caused the smaller crystallite size of this sample, as shown in Figure 4a. Based on thermal analysis in Figure 4b, CHA with a stirring time of 45 min displayed the OH− stretching mode, which is supported by FTIR data [33]. Therefore, it has the potential for coating on Ti alloy applications.



The physicochemical properties of scaffold CHA/HCB 40 wt.% were investigated by using SEM, XRD, and FTIR. According to the SEM results shown in Table 3 and Figure 5a,b, the scaffold CHA/HCB 40 wt.% had the potential scaffold for bone growth and cellular growth orientation. Generally, when the pore size of the scaffold is 1–20 μm, it can be media for cellular growth, while the good macropore size for bone growth is 100–1000 μm [33,42]. Overall, the FTIR spectra provided in Figure 5c show the characteristic spectrum of CHA. The XRD pattern of the scaffold (Figure 5d) indicates the lower crystallinity, which must be lower because it effected dislocations, making it easier for cells to differentiate [9,33]. Based on these analyses, scaffold CHA/HCB 40 wt.% can also be applied in the coating process for bone-implant applications.




4.2. Electrophoretic Deposition Dip Coating (EP2D) of CHA/Ti and CHA/HCB/Ti Coatings


In the EPD process, positively charged CHA and scaffold CHA/HCB 40 wt.% particles moved toward the cathode due to the influence of the electric field, generating an electrostatic force [43]. The layer formed was deposited on the cathode, thus this process was called cathodic electrophoretic deposition. The formation of this layer was caused by the adhesion force that is the source of the bond between the surface of the Ti alloy substrate and the CHA and scaffold CHA/HCB 40 wt.%. This adhesion force caused a bond between the hydrogen atoms of the sample and the substrate. Adhesion was considered the bond strength, which also implied the capacity of an adhesive to stick to the surface and subsequently bond the two surfaces together [3]. In addition, electrostatic forces also encouraged the formation of van der Waals bonds that united the CHA and scaffold CHA/HCB 40 wt.% with Ti alloy [44].



In this study, the compressive strength for all immersion time variations (Figure 6) was about 54–83 MPa, which was within the normal range of human cancellous bone (0.2–80 MPa) [42]. Mechanical properties were highly influenced by the surface morphology and the coating composition [28]. In this study, it was also greatly affected by CHA decomposition, which suppresses densification [11].



The XRD patterns of the CHA and CHA/HCB layers on the Ti alloy are shown in Figure 7 and Figure 8, respectively. As identified from this pattern, the intensity of the CHA peaks increased with increasing contents. HA was still detected in the CHA/Ti layer (Figure 7) because applying the high calcination temperature at 900 °C made this B-type carbonate apatite deposit slightly decompose [3]. Thus, the purity of HA in the formed layer was increasing. Based on Figure 7, the HCB was completely degraded from the scaffold material, so there are no other diffraction peaks in the scaffold CHA/HCB 40 wt.%. Therefore, the absence of different phases besides Ti and scaffold CHA/HCB indicated no reaction between them [11]. In addition, the change in the Ti phase transformation occurred at a temperature of 900 °C, so that it affected the scaffold CHA/HCB layer [3]. Based on SEM analysis (Figure 9 and Figure 10, and Table 6), the thickness obtained was in accordance with the thickness parameters required for coating, namely 50–200 μm. If the coating result is less than 50 μm, it will be absorbed. Conversely, if the upper limit is more than 200 μm, then sufficient maintenance is required [45]. The cross-section for CHA/Ti and CHA/HCB/Ti coatings represented that both layers were directly adjacent to the Ti alloy substrate, with no delamination. The analysis of a porous network in the CHA coatings will be assessed in further research.





5. Conclusions


This work presents a successful fabrication of CHA based on abalone mussel shells with stirring times of 15, 30, and 45 min and the scaffold CHA/HCB 40 wt.%. The morphology of samples showed a high aggregation and more regular shape with sizes below 1 μm. The synthesized CHA formed the same phase as B-type CHA. CHA with the stirring time of 45 min could have lower transmittance values and smaller crystallite sizes. The scaffold CHA/HCB 40 wt.% exhibited the potential scaffold for bone growth and lower crystallinity. Therefore, CHA and the scaffold CHA/HCB 40 wt.% have the potential for coating on the Ti alloy.



This study also presents a successful CHA/Ti and CHA/HCB/Ti coating process using the EP2D method with immersion time variations of 10, 20, and 30 min. The longer the immersion time, the thicker is the bioceramic layer deposited on the substrate surface so that the compressive strength tended to increase, as shown in the compressive strength for CHA/HCB/Ti. However, the compressive strength of the CHA/Ti coating for the immersion time of 20 min tended to decrease. The XRD pattern showed the CHA, HA, and Ti phases for the CHA/Ti coating, but the CHA/HCB/Ti coating only had the CHA and Ti phases. As shown in the SEM analysis, the thickness value of CHA/Ti for an immersion time of 20 min decreased because in the first period of EPD at a constant voltage, thickness increased with time. Still, over a more extended period, this effect was not observed. However, the immersion time could result in an increase in coatings’ thickness, even after a short immersion time of 10 min, as shown in the CHA/HCB/Ti coating. Based on these preliminary results, CHA and scaffold CHA/Ti can potentially be applied to coatings with the Ti alloy.



The development of the EP2D is expected to impact controlling surface morphology, layer thickness, free cracking, and the formation of a homogeneous layer relatively quickly. These results can be seen on layer thickness for CHA/HCB/Ti coatings with immersion times of 10, 20, and 30 min at 71–88 μm. Additionally, the compressive strength for all immersion time variations for CHA/HCB/Ti coatings was about 54–83 MPa, which was within the average of human cancellous bone (0.2–80 MPa). The layer thickness and compressive strength that meet the requirements for bone implant applications are obtained quickly. Therefore, it can attain the goal of developing an electrophoretic deposition dip coating (EP2D) tool integrated into the computer and the use of HCB for CHA/HCB/Ti coating.
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Figure 1. Schematic of methods used for CHA/Ti and CHA/HCB/Ti coatings procedures. 






Figure 1. Schematic of methods used for CHA/Ti and CHA/HCB/Ti coatings procedures.



[image: Coatings 11 00941 g001]







[image: Coatings 11 00941 g002 550] 





Figure 2. Morphology and particle size distribution of CHA with stirring times of: (a1,a2) 15 min; (b1,b2) 30 min; (c1,c2) 45 min. 
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Figure 3. FTIR spectra of CHA with stirring times of: (a) 15 min; (b) 30 min; (c) 45 min. 
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Figure 4. (a) Analysis of CHA with stirring time of 45 min: (a) XRD pattern; (b) temperature of fusion. 
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Figure 5. Physicochemical analysis of carbonated hydroxyapatite-honeycomb composite: (a) macropore structure; (b) micropore structure; (c) FTIR spectra; (d) XRD pattern [33]. 
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Figure 6. Average compressive strength values of: (a) CHA/Ti coating (*: p > 0.05); (b) CHA/HCB/Ti. 
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Figure 7. XRD pattern of CHA/Ti coating with immersion times variation (min). 
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Figure 8. XRD pattern of CHA/HCB/Ti with immersion times variation (min). 
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Figure 9. Cross-section of CHA/Ti coating with immersion times of: (a) 10 min; (b) 20 min; (c) 30 min (the white arrow indicates a cross-section of the CHA/Ti coating). 
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Figure 10. Cross-section of CHA/HCB/Ti coating with immersion times variation of: (a) 10 min; (b) 20 min; (c) 30 min (the white arrow indicates a cross-section of the CHA/HCB/Ti coating). 
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Table 1. Particle size distribution of CHA.
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	No.
	CHA with Stirring Time Variations (min)
	Particle Size (μm)





	1
	15
	0.227 ± 0.002



	2
	30
	0.280 ± 0.003



	3
	45
	0.247 ± 0.012










[image: Table] 





Table 2. Composition of CHA.
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No.

	
CHA with Stirring Time Variations (min)

	
Ca and P (%)

	
Molar Ratio of Ca/P




	
P

	
Ca






	
1

	
15

	
14.81

	
31.91

	
1.67




	
2

	
30

	
11.72

	
27.52

	
1.81




	
3

	
45

	
13.79

	
31.87

	
1.79
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Table 3. Properties of carbonated hydroxyapatite-honeycomb composite [33].
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Composite

	
Macropore Size (μm)

	
Micropore Size (μm)

	
FTIR Analysis

	
XRD Analysis




	
Transmittance (cm−1)

	
Description

	
S ± ∆s (nm)

	
Microstrain (ε)

	
Lattice Parameter (Å)

	
X-ray Density (g/cm3)




	
a

	
c






	
CHA/HCB 40 wt.%

	
102.02 ± 9.88

	
1.08 ± 0.086

	
602–570 and 1091–962

	
PO43− Absorption

	
30.48 ± 2.97

	
0.0042

	
9.455

	
6.916

	
7.892




	
1446–876

	
B-type CO3-HCB




	
3643–3571 and 633

	
OH− Absorption
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Table 4. Average compressive strength of CHA/Ti coating.
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No.

	
Immersion Times of CHA/Ti (min)

	
Compressive Strength (MPa)

	
p-Value




	
Mean ± SD






	
1

	
Control

	
83.30 ± 10.15

	
0.059




	
2

	
10

	
61.60 ± 9.92

	
0.059




	
3

	
20

	
51.59 ± 17.47

	
0.059




	
4

	
30

	
54.17 ± 12.51

	
0.059
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Table 5. Crystallography properties of CHA/Ti and CHA/HCB/Ti coatings.
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No.

	
CHA/Ti and CHA/HCB/Ti Coatings with Immersion Times Variation (min)

	
S ± ∆s (nm)

	
Microstrain (ε)

	
Lattice Parameter (Å)




	
a

	
c

	
c/a






	
1

	
CHA/Ti 10

	
16.65 ± 2.00

	
0.0087

	
9.45

	
7.10

	
0.75




	
2

	
CHA/Ti 20

	
16.31 ± 2.01

	
0.0088

	
9.46

	
7.10

	
0.74




	
3

	
CHA/Ti 30

	
18.15 ± 2.85

	
0.0042

	
9.63

	
7.29

	
0.76




	
4

	
CHA/HCB/Ti 10

	
16.99 ± 2.11

	
0.085

	
9.44

	
7.09

	
0.75




	
5

	
CHA/HCB/Ti 20

	
17.83 ± 2.51

	
0.004

	
9.47

	
7.10

	
0.75




	
6

	
CHA/HCB/Ti 30

	
20.39 ± 2.46

	
0.007

	
9.50

	
7.11

	
0.74
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Table 6. Average thickness value of CHA/Ti and CHA/HCB/Ti coatings.
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	No.
	CHA/Ti and CHA/HCB/Ti Coatings with Immersion Times Variation (min)
	Average Thickness Value (μm)





	1
	CHA/Ti 10
	56.80 ± 4.82



	2
	CHA/Ti 20
	41.73 ± 8.66



	3
	CHA/Ti 30
	63.86 ± 5.54



	4
	CHA/HCB/Ti 10
	71.04 ± 7.35



	5
	CHA/HCB/Ti 20
	77.79 ± 8.36



	6
	CHA/HCB/Ti 30
	88.88 ± 6.49
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