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Abstract

:

Niobium (Nb) and zirconium dioxide (ZrO2) were doped into hydroxyapatite (HA) to fabricate HA-based composite coatings prepared on a ZK60 magnesium alloy by plasma spraying technology to improve anti-corrosion and biocompatibility for clinical applications. The results revealed that the Nb-enriched coating exhibits fewer cracks and pores with a flat surface due to the decreased temperature gradient during spraying, and small needle-like structures can fill the cracks and pores in the ZrO2-contained coating, resulting in a more uniform and dense surface. Compared to coatings with only niobium or zirconium dioxide, the ZrO2/Nb/HA composite coating significantly enhanced the mechanical properties and corrosion resistance of the magnesium alloys. Among all the specimens, the ZrO2/HA coating and ZrO2/Nb/HA coating revealed high surface hardness values (327.73 HV and 293.80 HV, respectively). However, the higher hardness value made the ZrO2/HA coating fragile and more likely to crack, while the ZrO2/Nb/HA coating avoided this shortcoming and exhibited a more comprehensive performance. During immersion tests, the ZrO2/Nb/HA coating exhibited a gradual pH increase and minimal mass loss, and the cytocompatibility test demonstrated promising cellular activity.
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1. Introduction


The rising incidence of fractures and bone injuries, driven by aging populations, traffic accidents, and sports-related injuries, and the growing need for joint arthroplasty, has heightened the demand for advanced bone reconstruction materials [1,2,3,4]. Magnesium (Mg) and its alloys, due to their low density, high specific strength, elastic modulus closely resembling natural bone, and similar yield strength, have been gaining attention as potential medical materials, also due to their excellent biocompatibility, biodegradability, and minimal adverse effects on the human body [4,5,6,7]. Despite these advantages, magnesium alloys tend to react with substances in the humoral environment, leading to poor corrosion resistance and biological performance, and thus restricting their broader clinical applications [8,9,10]. Various methods such as surface alloying and cladding [11,12,13,14], electroplating [15,16,17], and plasma spraying [18,19,20], have been explored to enhance the corrosion resistance of magnesium and its alloys. Among these methods, the plasma spraying method stood out for its excellent coating performance, cost-efficiency, and ability to produce thick coatings [21,22]. Li indicated that the introduction of APTES (3-aminopropyltriethoxy) into a CaP/PLA composite coating by plasma spraying technology can effectively improve its corrosion resistance in body fluid [23]. Yugeswaran found that different percentages of zirconia addition significantly reduced the surface porosity and improved both the hardness and interfacial bonding strength of hydroxyapatite (HA) coatings through plasma spraying [24]. Hussain experimented with the influence of different process parameters on plasma-sprayed HA coatings, and the results showed that the surface roughness and porosity of coatings decreased with increasing synthesis temperature, and the samples presented superior wear resistance and a desirable adhesion strength when treated at 900 °C [25]. Singh fabricated niobium-reinforced HA composite coatings on a Mg alloy ZK60 surface by plasma spraying. The investigation revealed that niobium addition had a pronounced effect on the microhardness and wettability of the HA-based coatings, and the composite coatings were more effective at anti-corrosion than pure HA coatings and exhibited no adverse effects on the erythrocytes and hemolysis rate [26]. Singh also prepared plasma-sprayed niobium-reinforced HA coatings on a cobalt–chromium alloy. Their findings revealed that the 30 wt.%Nb/HA composite coating exhibited superior microhardness and corrosion resistance compared to other coatings, and the cell cytotoxicity test demonstrated a significantly better cell proliferation than the CoCr alloy [27].



As previously mentioned, these studies demonstrated the versatility and effectiveness of plasma spraying in enhancing the properties of HA-based coatings, especially the biological performance with the addition of zirconia or niobium. However, there was a lack of data concerning microstructure and biological performance changes reinforced by the combination of both substances. In the present paper, a series of plasma-sprayed HA coatings with zirconia and niobium were prepared, and their microstructures, surface mechanical properties, corrosion resistance, and cytocompatibility were also investigated.




2. Materials and Methods


2.1. Materials and Processing


The matrix material used in this work was a ZK60 magnesium alloy (Nanjing Yunhai Special Metals Co., Ltd, Nanjing, China), which was cut into 10 mm × 10 mm × 15 mm blocks. Subsequently, the specimens were ground by 400-2000# sandpapers. After being cleaned in deionized water, the samples were subjected to grit blasting using brown corundum particles with 0.2 to 0.6 MPa Sandblasting pressure to create rough surfaces. After sandblasting, the specimens were preheated in a box furnace at 423 K for 0.5 h before plasma spraying. The powder mix compositions were pure HA, 20Nb (wt.%, same as below) + HA(HN), 20ZrO2 + HA(HZ), and 10Nb + 10ZrO2 + HA(HN1Z1), respectively. Specific plasma spraying parameters in the present work were as follows: (a) the spray power was 33 kW, (b) the spray distance was 80 mm, (c) the primary gas (Ar) flow rate was 40 L·min−1, and (d) the secondary gas (H2) flow rate was 10 L·min−1.




2.2. Characterization


The coating microstructures were observed on a GeminiSEM300 scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany) with energy dispersive spectroscopy (EDS). The phase composition analysis of the surface coatings and powders was performed by XRD with a Rigaku D/Max 2500 V diffractometer (Tokyo, Japan) with Cu Kα radiation. Surface roughness and hardness testing were performed on a JB-4C surface roughness tester (Shanghai Taiming Optical Instrument Co., Ltd., Shanghai, China) and TMVS-1 microhardness tester (Beijing TIME High Technology Ltd., Beijing, China), separately. Each specimen was measured three times, and the average value was taken as the final result. For the wettability analysis, the contact angle between the water droplet and the sample surface was measured by a OCA15EC contact angle measuring instrument (Beijing Aodelino Instrument Co., Ltd., Beijing, China), and the average value of the measured results from 5 different positions on the surface was taken as the final result.




2.3. Investigation of Corrosion Resistance


A corrosion immersion test was conducted in simulated body fluid (SBF, Phygene Life Sciences Co., Ltd., Fuzhou, China) using the hanging inverted method for the total test duration of 20 days. The specimens were hung with the coating surface downward in a beaker filled with SBF solution, and the height of the specimens was adjusted to make sure that the coating surface was completely immersed in the solution. Then, the whole beaker was placed in a thermostat at the temperature of 37 °C. Prior to the experiment, the specimens’ surfaces were cleaned and dried, and three measurements were taken for each specimen to obtain an average weight. Three replicate measurements were taken after the experiment to obtain an average weight. Electrochemical measurements were carried out using a CHI660D electrochemistry workstation in SBF at room temperature. Each of the specimens was sealed with epoxy resin, except for an exposed surface of 10 mm × 10 mm submitted to the electrochemical tests in a three-electrode cell. A platinum sheet was used as an auxiliary electrode, a saturated calomel electrode (SCE) with a standard electrode potential of 0.2412 V (vs. SHE) was used as a reference electrode, and testing samples were used as working electrodes.




2.4. Cytocompatibility Evaluation


The cytocompatibility test was conducted using rat bone marrow mesenchymal stem cells (BMSCs, Nanjing herbal source Biotechnology Co., Ltd, Nanjing, China) cultured for 1–5 days on different coatings. Initially, the BMSCs were thawed. After that, the BMSC suspension was slowly added to a 25 mL cell culture flask and placed into an incubator at 37 °C with 5% CO2 concentration for cultivation. Before the analysis, the samples were autoclaved and treated in a blast drying oven for 24 h. After that, the treated samples were placed in 24-well plates and 900 µL of cell culture solution was added to each well for pre-culturing. The cell mother liquor was configured according to the experimental requirements. The 24-well plates containing the pre-culture coating were taken out of the incubator, and after removing the culture solution, 100 µL of BMSC suspension with a density of 1 × 104 cells/well was added and supplemented with 900 µL of fresh culture solution in each well for incubation. The proliferation of BMSCs on different specimens was detected using a CCK8 colorimetric assay. The culture solution was removed after 1, 3, and 5 days of incubation, respectively, and the dead cells were eliminated by washing with PBS solution three times. Subsequently, 300 µL of cell culture solution and 15 µL of CCK8 solution were added to each well. After 24 h of incubation in the incubator, 100 µL of the solution was sequentially added to the 96-well plate, and the absorbance value was measured by a microplate reader at 450 nm. All experiments were repeated 3–5 times under the same experimental conditions to ensure accuracy of the results.





3. Results and Discussion


3.1. Microscopic Morphology of the Coatings


Figure 1 shows scanning electron micrographs of various sample surfaces, revealing significant differences in surface morphology characteristics. Figure 1a presents the surface of the HA coating, exhibiting spheroidized and fine particles, irregularly shaped pores and cracks, and a slight quantity of accumulated splats. As shown in Figure 1b, the incomplete melting of particles and pores on the surface of the HN coating decreased. This change might be because the addition of Nb helped to slow down the cooling rate of the surrounding microstructures and reduced the generation of surface cracks and pores. It can be observed from Figure 1c,d that the surface of the HZ coating was uniformly and densely stacked in a flat shape without obvious cracks and pores, which were more prominent on the surface of HN1Z1. More importantly, a large number of needle-like structures were found on the surfaces of HZ and HN1Z1 coatings, as shown in Figure 1e,f. These fine needle-like structures could fill the cracks and pores of the coating surface, which was the key factor to improve the surface quality of the coating. In addition, zirconia has a small diameter and is easily crushed into smaller particles under the action of plasma flame flow, which filled in the cracks and pores generated by incomplete overlap during the coating–stacking process [28] and made the coating surface more uniform and dense; moreover, some of the zirconia underwent phase transformation subjected to the stress field at the crack tip. The shear strain and volume expansion resulted from the phase transformation could suppress the generation of microcracks in the coatings and prevent crack propagation at the surface and interior area of the coating. The convex surface of the needle-like structure could also increase the contact area of the composite coating, providing more adhesive surfaces for the growth of new bone cells.



Figure 2 presents cross-sectional micrographs of the as-deposited coatings. As shown in Figure 2, the specimens’ cross-sections were encapsulated with epoxy, and the average coating thickness was approximately 40~80 µm. The coatings were overlaid and stacked on the substrate, and the bonding interfaces were generally continuous, which revealed a few irregular shapes with a slightly serrated border, indicating a superior bonding property between the coatings and the substrate.




3.2. Phase Analysis of the Coatings


Figure 3 presents the X-ray diffraction patterns of the HA, HN, HZ, and HN1Z1 powders and their coatings. From the results of Figure 3a, it can be seen that the HA powder was single-phase and no other impurity peak except the characteristic peaks of HA phase was detected. The main phase of the HA coating was HA, and the coating also contained tricalcium phosphate (TCP), tetracalcium phosphate (TTCP), and calcium oxide (CaO) phases. The presence of TCP and TTCP phases could be attributed to the HA powder being exposed to high temperatures [29], which caused the heating decomposition of the HA powder, and the appearance of CaO phases could potentially have resulted from the further decomposition of some TTCP phases. Figure 3b reveals that the principal constituents in HN powder are HA and Nb, and no other impurity phase was observed. After spraying, new decomposition phases from the heated HA could be detected, and the diffraction peaks from the niobium oxide (Nb2O5) phases were also identified. As displayed in Figure 3c, the HZ powder mainly contained HA and t-ZrO2 phases, and it could be observed that the t-ZrO2 phase and the decomposition phases generated from HA were presented in the HZ coating. Figure 3d exhibits that the constitutions of the HN1Z1 coating were mainly composed of HA, the t-ZrO2 phase, and partially decomposition phases of HA. Additionally, signals from the Nb2O5 phase were also identified, which signified sufficiently melted and well-deposited raw particles in the coating. Previous studies established that the Nb2O5 phase in the coating would improve the protective performance and biological activity of the surface of HA-based coatings [17,30].




3.3. Hardness and Roughness


A Vickers microhardness test conducted on the surface is commonly used to evaluate coating quality and its functional effectiveness. It can be clearly observed from Figure 4 that the pure HA coating had the lowest surface hardness value. Compared to the HA coating (255.99 HV), the HN coating (276.73 HV) showed an improvement of around 8.1% in surface hardness. It should be noted that the hardness of the HZ coating and the HN1Z1 coating increased to a high level (327.73 HV and 293.80 HV, respectively), which was attributed to the dispersed distribution of zirconia with a relatively high value of hardness (756~786 HV) in the coatings [31]. Although the HZ coating revealed a higher surface hardness value, it was fragile and likely to crack when squeezed by stress, due to more addition of zirconia. Meanwhile, HN1Z1 exhibited a more comprehensive performance.



Cell adhesion and growth were significantly affected by surface roughness. Figure 4 exhibits that the surface roughness values of the HA (Ra, 2.982 µm) and HN1Z1 coatings (Ra, 2.128 µm) were the highest and lowest, respectively. Incompletely melted particles and a large number of cracks and pores were the reason for the uneven surface of the HA coating. The HN coating (Ra, 2.612 µm) had a relatively low roughness value in comparison to the HA coating, which may be attributed to the fact that the addition of Nb resulted in the reduction in the incompletely melted particles. After the addition of the ZrO2 to the coatings, the surface roughness values were further decreased for both HZ (Ra, 2.455 µm) and HN1Z1 coatings, which was due to the small ZrO2 particles with intensive needle-like structures filling the cracks and pores on the coating surface, resulting in a more homogeneous and denser coating. This trend was even more pronounced in HN1Z1, indicating a synergistic effect between Nb and ZrO2.




3.4. Wettability Analysis of Coatings


The wettability of the surface is a critical property that impacts the biological response of an implant when it first interacts with cells [26]. The contact angles of SBF were measured to research the hydrophobicity performance of the different samples, and the evaluation results are presented in Figure 5. The results illustrate that the surface of the uncoated ZK60 substrate exhibits a hydrophobic state. As shown in Figure 5, the hydrophilicity of the HA coating surface is superior, which could be attributed to the enrichment of a large number of hydroxyl groups and phosphate groups on the surface of the coating [32]. Moreover, the rough and porous structure of the HA coating surface facilitates fluid absorption. The contact angle value of the HN coating surface measures 80 ± 5°, indicating an approximately 23.1% decrease compared to the contact angle value of the uncoated ZK60 substrate surface. The contact angle values of the HZ and HN1Z1 coatings are substantially reduced by the addition of ZrO2 to the coatings. Compared to the HZ coating, the increment in the contact angle observed in the HN1Z1 coating may be attributed to the fact that the surface of the HN1Z1 coating has fewer cracks and pores, and the coating is denser and smoother. The experimental results demonstrate that the contact angles of the HZ and HN1Z1 coatings are distributed within a suitable range of 40° to 60°. Additionally, the convex surface of the needle-like structure also increased the contact area of the composite coating.




3.5. Immersion Test


The immersion test was used to measure the weight loss of different samples. The weight loss rate is calculated by measuring the weight of the specimens before immersion and after immersion for 20 days, while the pH value is measured by extracting the corrosion solution at different time points. Figure 6 displays the rate of weight loss and the pH value of the different samples during the 20-day immersion period. From the pH change curves of the soaking solution, it can be seen that the pH value of each sample after soaking increases with time and shows a common characteristic of significant growth in the early stage and slower growth in the later stage. The weight loss rate of the uncoated ZK60 substrate is 14.5% after 20 days of immersion, which is higher than that of all the coated samples, indicating severe corrosion degradation. During the initial immersion period, the pH values of the HA, HN, and HZ coating samples have little difference. However, with prolonged immersion time, the increase in pH value of the HZ coating gradually slows down, compared to the HA and HN coatings. Furthermore, the HZ coating experiences relatively less mass loss after immersion, which can be attributed to the addition of ZrO2 filling the pores and cracks on the coating surface, thus preventing the ingress of corrosive ions and effectively protecting the substrate. It can be clearly seen that the pH value and weight loss rate of the HN1Z1 coating were lower than those of other coatings, indicating that its corrosion degradation was relatively slow. Figure 7 shows the surface corrosion morphology of the HZ and HN1Z1 coatings after soaking in SBF for 1 and 3 days. Compared with the HZ coating, the HN1Z1 coating exhibits fewer small-sized corrosion cracks, and the corroded surface appears relatively flat. This indicates that the HN1Z1 coating has better corrosion resistance. The result indicates that the simultaneous addition of Nb and ZrO2 to the HA coating provides better protection for the ZK60 Mg alloy.




3.6. Electrochemical Testing of Coatings


Potentiodynamic polarization curves offer a more realistic evaluation of the corrosion behavior of biomaterials. Figure 8 represents the potentiodynamic polarization curve of the different samples. Ecorr and Icorr were extracted from the polarization curves using the Tafel extrapolation method, as exhibited in Table 1. The outcomes suggested that the Icorr value of the uncoated ZK60 substrate (1.030 × 10−2 A·cm−2) was the highest, followed by the HA coating (1.169 × 10−3 A·cm−2), the HN coating (1.148 × 10−3 A·cm−2), and the HZ coating (1.134 × 10−3 A·cm−2) samples. The microcracks and micropores of the HA coating might be the explanation for its poorer corrosion protective effect compared to the HN coating. Compared to the HN coating surface, the HZ coating surface presents the preeminent corrosion resistance with an Ecorr value of −1.379 V. This is due to the fact that a large number of fine ZrO2 particles can fill the cracks and pores in the coating, making the surface smoother and denser, and effectively reducing the channels of corrosive media to the substrate surface. With the simultaneous addition of the Nb and ZrO2 elements to the coating, the corrosion potential of the HN1Z1 coating was −1.364 V, and the corrosion current density was 5.109 × 10−4 A·cm−2, indicating that the surface possessed the highest corrosion resistance. The lower surface roughness and the synergistic effect of the Nb and ZrO2 elements may be the reason for the enhancement of the corrosion protective effect.




3.7. Cytocompatibility Evaluation of Coatings


Figure 9 shows the cell viability of the uncoated ZK60 substrate and the coated samples during the same cultivation period of BMSCs. The results indicate that the surface cell viability of the coated samples is significantly higher than that of the uncoated magnesium alloy during the 1st, 3rd, and 5th days of cultivation, which suggests that the uncoated magnesium samples are more cytotoxic as compared to the other coated samples. Furthermore, the cell viability of all samples drops as the cultivation time increases, which could be attributed to the occurrence of dissolution in all samples during the cultivation process, leading to an increase in the concentrations of Mg2+ in the solution. Previous studies have shown that an appropriate concentration of Mg2+ is beneficial for cell proliferation [33]. However, when the concentration is too high, it can affect the osmotic pressure of cells and cause changes in the pH environment of the solution, which is not conducive to cell proliferation and growth.



Figure 10 shows the fluorescence microscopy images of BMSCs cultivated for 5 days on the different coated samples. It can be observed from the figure that the plasma-sprayed HN1Z1 coating sample exhibits an increase in the number of cells on its surface and demonstrates a favorable growth state compared to the other samples. The above results reveal that the HN1Z1 coating surface exhibits good cell viability, indicating its facilitation of the attachment and growth of cells at subsequent stages.





4. Conclusions


Plasma spray technology was utilized to deposit various coatings—HA, HN, HZ, and HN1Z1—on a ZK60 magnesium alloy. The HA-coated surface exhibited numerous incompletely melted particles and irregularly shaped pores and cracks. In contrast, the HN coating showed fewer such particles and had a relatively flatter appearance, and the HZ coating further improved upon this, presenting a flat and smooth surface with significantly reduced cracks and pores. The HN1Z1 coating was the most advanced, being dense, uniform, and noticeably smoother. Interestingly, ZrO2 maintained its tetragonal phase during spraying, which is beneficial for phase transformation and the suppression of crack propagation in later stages. Compared to the pure HA coating, the HN, HZ, and HN1Z1 coatings demonstrated reductions in surface roughness of 12.4%, 17.7%, and 28.6%, respectively, and increases in surface hardness of 8.1%, 21.8%, and 12.9%, respectively. All coatings showed good hydrophilic properties. Electrochemical tests revealed that the HN1Z1 coating exhibited the highest corrosion resistance, followed by HZ, with HN showing improved corrosion resistance compared to HA, albeit to a lesser extent. During immersion tests, the composite coating exhibited a gradual pH increase and minimal mass loss. The cytocompatibility test demonstrated that the HN1Z1 coating possesses promising cellular activity. These results suggest that the addition of Nb and ZrO2 to HA coatings has a synergistic effect. Incorporating Nb/ZrO2 into HA coatings could potentially enhance the corrosion resistance and cytocompatibility of Mg alloy implants, offering promising implications for future biomedical applications.
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Figure 1. SEM micrographs of the surface of as-deposited (a) HA; (b) HN; (c) HZ; and (d) HN1Z1 coatings; (e,f) are the magnified images of the blue dash circle areas in (c,d). 
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Figure 2. SEM micrographs of the cross-section of the sprayed coatings (a) HA; (b) HN; (c) HZ; and (d) HN1Z1. 
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Figure 3. X-ray diffraction patterns of as-deposited (a) HA; (b) HN; (c) HZ; and (d) HN1Z1 coatings and their powders. 
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Figure 4. (a) Surface microhardness and roughness of the different samples; (b) surface contour curves of the samples. 
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Figure 5. The droplet profile and contact angles of SBF droplets on the sample surface. 
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Figure 6. (a) pH value variation; (b) weight loss rate of the as-prepared samples during 20 days of immersion in SBF. 
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Figure 7. SEM micrographs of samples after immersion in SBF solution at different time points: (a) HZ-1 day; (b) HZ-3 days; (c) HN1Z1-1 day; (d) HN1Z1-3 days. 
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Figure 8. Polarization curves of different samples. 
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Figure 9. The cell viability of all samples in the cultivation of BMSCs. 
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Figure 10. Fluorescent microscope images of BMSCs cultured for 5 days on different coating samples. 
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Table 1. Fitting results from the polarization curves.
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