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Abstract:



The influence of heating conditions, heating temperature, and heating time on the formation of a thin carbonate-containing hydroxyapatite (CA) film onto partially stabilized zirconia using a molecular precursor method was evaluated. The molecular precursor solution was prepared from a mixture of calcium-ethylenediaminetetraacetic acid complex and phosphate compounds at Ca/P ratio of 1.67. After the application of molecular precursor solution onto zirconia, four different heating conditions—namely, 600 °C-2 h, 800 °C-2 h, 1000 °C-2 h, and 600 °C-4 h—were applied. No distinct difference of surface appearance of CA coating was observed between 600 and 800 °C-2 h. Fusion of apatite crystals was observed at 1000 °C-2 h. Surface roughness of CA film at 1000 °C-2 h was significantly higher than those under other heating conditions. Heating at 800 °C produced a significantly more hydrophilic surface and higher degree of crystallization. No significant differences were recognized in the critical load at the first crack in the coating among the four samples by scratch tests. After 30 days’ immersion in phosphate buffered saline, the four different CA coating films were still present. Simulated body fluid immersion experiments were performed as in vitro biocompatibility tests. After 48 h immersion, the CA film at 800 °C-2 h showed a greater amount of spherical crystal precipitation. It was suggested that properties of CA coating on partially stabilized zirconia using a molecular precursor method were influenced by the heating temperature and time.
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1. Introduction


In implant dentistry, titanium implants have been used because of their high biocompatibility and excellent mechanical properties. Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) has recently become an attractive alternative to titanium [1,2]. Some of the advantages of Y-TZP dental implants include esthetic performance due to the non-metal color, high mechanical strength, fracture toughness, low plaque adhesion, and applicability of CAD/CAM processing systems in dentistry [3,4,5].



Direct structural and functional connection between bone and the surface of a titanium implant is called osseointegration [6]. In the case of Y-TZP as a dental implant, clear evidence of osseointegration is still controversial. Hoffmann et al. [7] reported that Y-TZP implants had a slightly higher degree of bone apposition than titanium implants two weeks after implantation in femoral condyles of rabbits. However, bone apposition was higher in titanium implants than in Y-TZP at 4 weeks. A significant difference was also observed in the removal torque between titanium and Y-TZP implants at 12 weeks [8]. Surface modification of Y-TZP implants may be needed to obtain reliable osseointegration. Among the options, apatite coating is a useful method to improve the bone response of Y-TZP implants. Our previous study achieved a thin and uniform carbonate-containing hydroxyapatite (CA) film coating of less than 1 μm on Y-TZP using a molecular precursor method [9]. The progress of apatite deposition on CA coated Y-TZP after immersion in simulated body fluid (SBF) and a larger amount of new bone formation and higher bone-to-implant contact (BIC) ratio of CA coated Y-TZP were observed by implantation in rabbits.



The molecular precursor method [10,11] is an apatite coating technique. Molecular precursor solution is an ethanol solution of EDTA-calcium complex and phosphate compound. A thin and adherent apatite film was obtained by applying molecular precursor solution on the material surface and treating with heat. The resulting apatite was CA. This process is very simple and inexpensive compared to physical vapor deposition methods such as magnetron sputtering or plasma spraying.



As the molecular precursor method is a wet process, it is possible to coat any complex shapes. Hayakawa et al. and Amemiya et al. processed CA coating on not only the surface but also the inside of a three-dimensional titanium fiber structure [12,13]. Takahashi et al. [11] investigated the influence of heating temperature on the fabrication of CA coating on titanium. They examined the crystal structure of CA coating at heating temperatures of 300, 400, 500, 600, and 700 °C. Below 500 °C, the amorphous phase of CA coating was dominant and few crystal structures of CA coating were identified. At heating temperatures of 600 and 700 °C, a higher degree of crystallinity of CA coating was obtained. However, heat treatment above 700 °C seemed to cause a phase transition of titanium [14]. They concluded that a heating temperature of 600 °C is suitable for producing an adherent CA film on titanium. Our previous study employed a heating temperature at 600 °C according to the results for titanium [9]. However, Y-TZP is more stable than titanium at temperatures higher than 600–700 °C. A higher heating temperature and longer heating time should result in higher crystallinity of the CA coating.



In the present study, we investigated the influence of heating conditions, temperature and time, on the properties of CA film coating on Y-TZP. The null hypothesis tested was that a higher heating temperature and longer heating time would produce greater adherence and higher crystallinity of the CA coating on Y-TZP.




2. Materials and Methods


2.1. Zirconia Substrate


Yttria (3 mol %) stabilized tetragonal zirconia polycrystal disks (Y-TZP; TZ-3YB-E, 12 mm in diameter and 1 mm in thickness, Tosoh, Tokyo, Japan) were used. After polishing with abrasive paper (#1200), polished disks were ultrasonically cleaned in ethanol and distilled water.




2.2. Apatite Coating Using the Molecular Precursor Method


Y-TZP was coated with CA film using the molecular precursor method as previously described [11]. The molecular precursor solution was adjusted in three steps as shown in Figure 1. Briefly, step 1: Preparation of a calcium-EDTA/amine ethanol solution; step 2: Preparation of dibutylammonium diphosphate salt (((C4H9)2NH2)2P2O6·2H2O); step 3: Preparation of the molecular precursor solution by adding dibutylammonium diphosphate salt to calcium-EDTA/amine ethanol solution with an adjustment of Ca/P to 1.67 (calcium ion concentration = 0.25 mmol/g).


Figure 1. Preparation steps for the molecular precursor solution.
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25 μL of molecular precursor solution was dropped on each Y-TZP disk surface and spin-coated in double step mode at 500 rpm for 5 s and 2000 rpm for 30 s using a spin coater (1H-D7; MIKASA, Tokyo, Japan) [9,11]. After the application of molecular precursor solution onto Y-TZP, the Y-TZP sample was heated at one of four heating conditions, namely, 600 °C-2 h, 800 °C-2 h, 1000 °C-2 h and 600 °C-4 h. Heat treatment was performed using a tubular furnace (EPKPO12-K; ISUZU, Niigata, Japan) under oxygen gas introduction at a rate of 100 mL/min. The specimens for any measurements were all from different batches.




2.3. Morphology and Surface Roughness


The surface morphology after CA coating was observed by scanning electron microscope (SEM; JSM-5600LV, JOEL, Tokyo, Japan). The specimens were sputter-coated with Au and observed at an accelerating voltage of 15 kV.



Three-dimensional surface topography of the CA coating on Y-TZP was observed using an atomic force microscope (AFM; Nanosurf Easyscan 2, Nanosurf AG, Gräubernstrasse, Switzerland) in tapping mode (cantilever: TapAl-G, Budget sensors, Bulgaria; resonance frequency: 190 kHz, spring constant: 48 N/m). The arithmetic average of the roughness profile (Ra) and average roughness of three-dimensional surface (Sa) were calculated within the 2.5 μm × 2.5 μm square areas of AFM images. Five measurements were performed for each specimen.




2.4. Surface Wettability


The surface wettability of the specimens was characterized by contact angle measurement with respect to 0.5 μL double distilled water using an Auto Contact Angle Meter and attached analysis system (DMe-201 and FAMAS, Kyowa Interface Science, Saitama, Japan). Ten measurements of 3 s each were made for each condition, and all analyses were performed at the same temperature and humidity. In addition, uncoated Y-TZP was measured as a reference.




2.5. Crystal Structure of CA Coating


The crystal structure of coated CA thin films on Y-TZP disks was characterized by X-ray diffraction (XRD; SmartLab, Rigaku, Tokyo, Japan) with a thin layer attachment (incidence angle θ = 0.3°), which had an X-ray source of CuKα, and power of 45 kV × 200 mA. Measurements were performed three times.




2.6. Adhesiveness of CA Coating Films


The scratch adhesion test [15] was performed on coated disks using the diamond-stylus scratch method (Nano Scratch Tester, Anton Paar, Graz, Austria). A diamond stylus (rockwell type, tip radius: 10 μm) was moved over each specimen surface with a linearly increasing load until failure occurred at critical loads. Some scratch test parameters were established as follows: Begin to end load was 3 to 1000 mN, and speed of moving stage was 1.5 mm/min (length: 1.5 mm). Lc value was defined as the critical load at the first crack in the coating. Scratch tests were performed in three places for each sample and Lc values were calculated. A number of the specimens was three.




2.7. Durability of CA Coating


Y-TZP disks after CA coating were immersed in 20 mL of phosphate buffered saline (PBS) solution with pH = 7.4 in a polypropylene bottle for 1, 7, or 30 days at 37 °C. After the immersion, the disks were dried in a desiccator. The presence of CA films was observed by SEM at an accelerating voltage of 15 kV.




2.8. SBF Immersion


Hanks’ balanced salt solution (HBSS) without organic species was employed as SBF [16]. Concentrations of HBSS are listed in Table 1. Y-TZP disks after CA coating were immersed in 20 mL of HBSS with an adjusted pH to 7.4 at 37 °C in a polypropylene bottle. The medium and bottles were replaced after 24 h to expose the disks to fresh medium. After immersion for 24 or 48 h, the disks were immediately dried in a desiccator. The surface appearances of Y-TZP disks after immersion in HBSS were observed using SEM at an accelerating voltage of 15 kV.



Table 1. Concentrations of electrolytes in HBSS.







	
Ion

	
Concentration (mmol/L)

	
Ion

	
Concentration (mmol/L)






	
Na+

	
142

	
Cl−

	
145




	
K+

	
5.81

	
HPO42−

	
0.778




	
Mg2+

	
0.811

	
SO42−

	
0.811




	
Ca2+

	
1.26

	
HCO3−

	
4.17











2.9. Statistical Analysis


The data were statistically analyzed by one-way ANOVA analysis of variance and the Tukey test for multiple comparisons among the means at p = 0.05. The data were calculated with the help of Origin Pro 9.0 J (OriginLab Corp., Northampton, MA, USA).





3. Results


3.1. Morphology and Surface Roughness


Figure 2 shows SEM images of CA coating on each surface. No distinct differences were observed between 600 and 800 °C-2 h Y-TZP disks. Some small cracks were present on the outermost surface of apatite films. The presence of fused apatite crystal was observed on 1000 °C-2 h disks.


Figure 2. SEM images of the surfaces of (a) 600 °C-2 h, (b) 800 °C-2 h, (c) 1000 °C-2 h, and (d) 600 °C-4 h Y-TZP disks.
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AFM images of each surface are shown in Figure 3. A difference in crystal size of coated CA was recognized. CA crystals with diameters approximately 100 nm were observed for 600 °C-2 h, and 150 nm for 800 °C-2 h. 1000 °C-2 h produced larger CA crystals with diameters of 500 nm, and 600 °C-4 h smaller CA crystals with diameters of 50 nm. Fused CA crystal was also identified by AFM observation, confirming the SEM observation.


Figure 3. AFM images of CA crystals of (a) 600 °C-2 h, (b) 800 °C-2 h, (c) 1000 °C-2 h, and (d) 600 °C-4 h Y-TZP disks.
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Surface roughness values obtained from AFM images are shown in Table 2. Sa and Ra for 1000 °C-2 h were significantly higher than those for 600 °C-2 h, 800 °C-2 h, and 600 °C-4 h (p < 0.05).



Table 2. Surface roughness (Sa and Ra values) of specimens.







	
Specimen

	
Ra (nm)

	
Sa (nm)






	
600 °C-2 h

	
10.31 (3.67) *

	
10.44 (2.94) *




	
800 °C-2 h

	
11.93 (3.84) *

	
11.12 (3.08) *




	
1000 °C-2 h

	
39.21 (5.71)

	
41.94 (4.85)




	
600 °C-4 h

	
6.49 (0.74) *

	
6.41 (0.85) *








Notes: Values in brackets are SD; * No significantly different at p > 0.05.









3.2. Surface Wettability


Contact angles against double distilled water are listed in Table 3. A significantly smaller contact angle was recognized for 800 °C-2 h disks compared with other heating conditions (p < 0.05).



Table 3. Contact angles against double-distilled water.







	
θ (°)

	
Specimen






	
41.89 a (4.42)

	
600 °C-2 h




	
18.14 (6.97)

	
800 °C-2 h




	
47.92 a,b (4.39)

	
1000 °C-2 h




	
51.37 b,c (2.80)

	
600 °C-4 h




	
56.73 c (2.96)

	
Non-Treated Y-TZP








Notes: Values in brackets are SD; a,b,c No significantly different at p > 0.05.









3.3. XRD Analysis of CA Coating Films


XRD patterns of CA coating films on Y-TZP disks at four different heating conditions are shown in Figure 4. Apatite structure was confirmed on all specimens. Peaks corresponding to carbonate-containing apatite were observed at 2θ = 23.0°, 26.0°, 28.0°, 32.0°, 33.5°, 46.5°, and 49.5°, respectively. Greater intensities of the reflection of apatite peak were observed in 800 °C-2 h disks. Longer heating time e.g., 600 °C-4 h did not improve the crystallinity of CA coating film.


Figure 4. XRD patterns of CA films on the 600 °C-2 h, 800 °C-2 h, 1000 °C-2 h, and 600 °C-4 h Y-TZP disks. ♦: Y-TZP substrate, ▽: Carbonate apatite.



[image: Coatings 07 00069 g004]







3.4. Adhesiveness of CA Coating Films


Table 4 shows Lc values obtained by the scratch test and Figure 5 shows panoramic images of the scratch trace and the images at the first crack in the coating in a representative sample. No significant differences were recognized in the Lc values among the four different samples (p > 0.05). The panoramic image of the scratch test revealed that clearer break down of the coating film was recognized at the position of the first crack for 600 °C-2 h and 600 °C-4 h than for 800 °C-2 h and 1000 °C-2 h disks.


Figure 5. Panoramic images of the scratch trace and the images at the first crack in the coating of representative samples. Arrows: The first crack in the coating.
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Table 4. Lc values obtained by scratch test.







	
Lc Value (mN)

	
Specimen






	
169.96 (20.40)

	
600 °C-2 h




	
163.32 (16.09)

	
800 °C-2 h




	
176.67 (2.16)

	
1000 °C-2 h




	
150.56 (9.81)

	
600 °C-4 h








Note: Values in brackets are SD.









3.5. Durability of CA Coating Films


Figure 6 shows SEM images of the surfaces of CA coated Y-TZP disks after immersion in PBS. There are no distinct differences among the four different specimens. CA coating film was present after 30 days’ immersion in PBS. A little pinhole was found on the surface of 1000 °C-2 h after 1 day immersion. Formation of slight cracks and pinholes was observed on all disks after 7 days’ immersion in PBS. After 30 days’ immersion, more crack formation was recognized along the scratches formed by polishing.


Figure 6. SEM images of the Y-TZP disks of four heating conditions after 1, 7, and 30 days of PBS immersion.
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3.6. SBF Immersion


Figure 7 shows SEM images of the surfaces of CA coated Y-TZP disks from the four heating conditions after 24 and 48 h immersion in HBSS. Crystal deposition was observed on all surfaces of the CA coated Y-TZP disks after immersion in HBSS. After 48 h immersion, more growth of spherical crystals was observed on the surface of 600 °C-4 h and 800 °C-2 h Y-TZP disks and 800 °C-2 h Y-TZP disks showed a greater amount of spherical crystal precipitation.


Figure 7. SEM images of the Y-TZP disks from four heating conditions after 24 and 48 h of HBSS immersion.
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4. Discussion


In the present study, a CA coating was deposited on Y-TZP disks by using the molecular precursor method and the influence of heating conditions, temperature, and time, on the properties of the CA coated film was investigated. Four different heating conditions for CA coating were employed. Higher heating temperature did not produce more adherent and higher-crystallinity CA coatings. The null hypothesis was thus rejected.



Takahashi et al. [11] deposited a thin CA film on titanium using the molecular precursor method with various heating conditions from 300 to 700 °C for 2 h. Titanium is known to have a structural phase transition point at around 882 °C [14]. Moreover, higher heating temperatures than 700 °C caused oxidation of the titanium surface. Therefore, they concluded that a heating temperature of 600 °C is suitable for producing a CA film on titanium.



The structural phase transition point of Y-TZP is higher than that of titanium [17]. We expected that temperatures higher than 600 °C would produce more adherent and higher-crystallinity CA coatings on the Y-TZP surface. However, the adhesiveness of the CA coating film was not dependent on heating temperatures above 600 °C. XRD measurement indicated that higher crystallinity of CA coating was obtained with 800 °C heating but not by 1000 °C heating. The melting point of CA is reported to be approximately 1000 °C [18]. Thus, fusion of CA crystals deposited on Y-TZP occurred with 1000 °C heating as observed by SEM and AFM measurement, and some apatite crystals had an amorphous phase. As a result, the intensity of the reflection of the apatite peak after 1000 °C heating was weaker than that after 800 °C heating. On the contrary, the decrease in crystal size was observed when heat treatment at 600 °C was prolonged. Although the reason for the decrease in crystal size is not clear, it is presumed that the fusion of crystals did not proceed at 600 °C. Detailed studies about thermal behaviors of CA coating should be needed.



Although no significant differences were observed in the Lc values, there were differences in breakdown behaviors of CA coating films. 600 °C-2 h and 600 °C-4 h showed clearer breakdown at the first crack in the coating than 800 °C-2 h and 1000 °C-2 h. This was due to the difference in brittleness of CA coating films. Namely, 600 °C-2 h and 600 °C-4 h CA coating films may be more brittle than 800 °C-2 h and 1000 °C-2 h films. It is suggested that a higher heating temperature reduces the brittleness of CA coating films.



Many studies have reported the deposition of apatite on biomaterials after their immersion in SBF. It has been reported that the in vivo bioactivity of materials was shown to precisely mirror their in vitro apatite forming ability in SBF, namely, the more apatite that formed, the better the bone formation [19]. In the present study, HBSS was used as SBF. Hanawa and Ota [16] reported apatite layer deposition on a titanium surface after immersion in HBSS. Hayakawa and colleagues reported apatite deposition on biomaterials—such as thin-apatite coated titanium or titanium fiber, PLGA composite and DNA coated titanium—after immersion in SBF and found that better apatite deposition on the biomaterials in HBSS corresponded with better in vivo bone formation [12,13,20,21,22]. Our previous study also confirmed that better apatite deposition behavior of in vitro HBSS immersion experiment supported better in vivo bone formation on a CA-coated Y-TZP implant [9]. In the present study, greater amounts of apatite crystals deposited on the 800 °C-2 h surface after 48 h SBF immersion. Although the detailed reasons are not clear, it may be easier for epitaxial growth of deposited apatite on 800 °C-2 h to proceed with higher crystallinity. Animal experiments to elucidate the differences of CA coated Y-TZP at different heating conditions are needed in the near future. Moreover, Marrelli et al. [23] reported that surface roughness of zirconia strongly affected the mechanical strengths. Change of the mechanical strengths of Y-TZP after CA coating should be further investigated.



In clinical dentistry, demand for metal free implant system is increasing. Present apatite coating zirconia will be applicable for metal free implant system.




5. Conclusions


In this study, we evaluated the influence of heating conditions, heating temperature, and heating time, on the formation of a thin carbonate-containing hydroxyapatite (CA) film onto partially-stabilized zirconia using the molecular precursor method. A higher degree of crystallization of adherent CA coated film after 800 °C-2 h heating was recognized and greater amounts of apatite precipitation were identified by simulated body fluid immersion experiments. It was suggested that properties of CA coating on partially stabilized zirconia using a molecular precursor method were influenced by the heating temperature and time.
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