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Abstract

:

A low friction coefficient and high bearing capacity can improve the service life of implants in the human body. In this study, we firstly investigate the mechanical properties of inorganic thermal oxide coatings on titanium alloy (Ti6Al4V). Tribological experiments were performed for different tribo-pairs under uniform conditions. The inorganic thermal oxide coating on Ti6Al4V formed at 300℃ was found to have excellent tribological properties and can effectively improve the bearing capacity of Ti6Al4V. The organic poly (vinylphosphonic acid) (PVPA) on Ti6Al4V has excellent anti-friction properties, which can help achieve superlubricity. An inorganic thermal oxide/organic PVPA composite coating was fabricated on Ti6Al4V to obtain a surface with low friction and high bearing capacity. It is found that the presence of the thermal oxide doubled the bearing capacity of the composite coating compared to that of the PVPA coating alone. This study can serve as a guide for the modification of artificial joints.
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1. Introduction


Titanium alloys are widely used in medical implants such as artificial implants, sensors, stents, etc. They offer outstanding biocompatibility which is a major factor in their successful usage [1]. However, owing to the complex environment in vivo, the surface properties of implants require further improvements. Surface modification can be used to polish the surface of the titanium alloy, without destroying its bulk characteristics [2,3,4].



Surface modification strategies vary based on the application, especially considering biofouling and tribology. Polymer-based modifications are usually performed on surfaces that are prone to biofouling [5]. The hydrophilic property of modified coatings is the main reason for the adsorption resistance of biomolecules [6], such as poly(ethylene glycol) [7,8,9], and poly(sodium styrene sulfonate) [10]. Operational wear on artificial joints inside the human body can lead to implant failure. Consequently, techniques to improve the tribological properties of titanium alloys have received significant attention, and surface modifications using inorganic, organic polymer, and composite coatings have been proposed. Inorganic coatings can improve the wear resistance owing to the increased hardness with the coatings. Surface modification techniques such as oxidation treatment [11,12,13,14,15] and spraying [16,17] can provide hard inorganic coatings. Diamond-like carbon (DLC), TiN, oxide ceramic coatings, etc., have also been studied. A complex of two-dimensional carbon materials with hard ceramic coatings is the most conventionally used method to reduce friction [18]. However, the main disadvantage of this method is that the coating is eventually stripped away due to the stress difference between two materials. Consequently, oxide coatings have become increasingly attractive, as the formation process of oxide coatings increases the adhesion between the coating and the substrate [19].



To solve the coating stripping problem, several researchers have recommended organic polymer coatings as they are linked to the metal surface by covalent bonds and have excellent behavioral properties. Furthermore, polymer coatings offer better biocompatibility compared to inorganic coatings. Hydrophilic polymer poly (2-methacryloyloxyethyl phosphorylcholine) (PMPC) brushes were grafted on to a porous metal surface and were found to significantly reduce the friction coefficient [20,21]. Ghosha used ultraviolet irradiation to graft PMPC on to the surface of a selective laser-melted titanium alloy. The modified alloy protected the implant from scratches at high loads [22]. In addition to its hydrophilic properties that prevent biofouling, poly(ethylene glycol) (PEG) has excellent tribological properties, and can be applied in water-based lubricants in the human body [23]. Poly(vinylphosphonic acid) (PVPA) coatings offer excellent friction reduction. The friction coefficient of PVPA coatings is less than 0.01, which indicates the superlubricity state [23,24]. PVPA-modified titanium is velocity independent and can be used in different implants [25]. The layer-by-layer (LbL) assembly technique can be used to construct multilayer polymer films on titanium. Modified titanium with thicker polyelectrolyte multilayers has superior tribological properties [26]. Despite good anti-frictional properties, a critical disadvantage of soft polymer organic coatings is their poor bearing capacity.



The synergy of inorganic and organic materials can help reduce their individual deficiencies. Biphasic structures consisting of both soft and hard substances can provide high load bearing capacity and low friction. However, for in vivo applications, several important factors must be investigated such as the influence of the inorganic coating morphology on polymer linkage, feature matching of the various materials, cooperation mechanism between materials, etc. In this study, thermal oxide modification of a titanium alloy surface is performed at various temperatures to investigate the influence of temperature on the properties of the thermal oxide coating. Subsequently, PVPA coatings are grafted on to the thermal oxide coating. Tribological experiments are performed under uniform conditions to compare the performance of different tribo-pairs. Finally, the collaborative anti-friction mechanism of thermal oxide coating and PVPA is explored. The proposed composite coating offers high bearing capacity and low-friction at high stress, and can serve as a guide for reducing the wear of implants.




2. Materials and Methods


2.1. Materials


PVPA powder (97%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphate-buffered saline (PBS) was provided by J&K Chemicals. Ti6Al4V foils (100 mm × 100 mm × 1 mm) were supplied by Goodfellow Cambridge Ltd. (Cambridge, UK). These foils were then polished using polishing slurry (Research Institute of Tsinghua University, Shenzhen) to achieve flat and smooth surfaces (Ra ≈ 2 nm) [25,27]. Polytetrafluoroethylene (PTFE) balls (D ≈ 6 mm) were purchased from Taobao, Inc. The corresponding elastic modulus was 500 MPa. The average roughness of the balls was about 280 nm. All reagents were used in their as-received state, without purification.




2.2. Preparation and Characterization of Inorganic Thermal Oxide Coatings


A pit furnace (RJJ150X200) was used to heat the bare Ti6Al4V sample for 5 h. The heating temperatures were 100 °C, 300 °C, 500 °C, 700 °C, and 900 °C, respectively. Consequently, different thermal oxide coatings were formed on the surface. The composition and conformation of the thermal oxide coatings were characterized by X-ray photoelectron (XPS). All spectra were obtained at a 90° photoelectron take-off angle from the surface. Three spots on two replicates were analyzed on each measured surface. The surface morphology of the thermal oxide coatings was observed using field-emission scanning electron microscopy (Gemini SEM 300). The thickness of different inorganic thermal oxide coatings was investigated with the help of 3D measuring laser microscope (OLS4000).



X-ray diffraction (XRD, Bruker D8 Advance) with Cu Kα radiation over the 2θ range of 15–60° was used to determine the phase of the thermal oxide coatings.




2.3. Formation of PVPA Coatings


The PVPA coatings were prepared using the horizontal evaporating self-assembly method. The pretreated foils were placed horizontally into a PTFE mold with square grooves (10.2 mm × 10.2 mm × 10 mm) and the required amount of PVPA aqueous solution was injected into the mold. Pretreated Ti6Al4V substrates with physically adsorbed PVPA coatings were obtained after the solvent was evaporated at 50 °C for 30 h in air. Finally, the samples were heated at 240 °C for 6 h, after which, the PVPA coatings were robustly tethered onto the pretreated Ti6Al4V surfaces.




2.4. Nano Indentation Experiment


Nanoindentation experiments were carried out using a NanoIndenter (G200). The indentation tests were performed at an ambient temperature of 27.5 °C and a relative humidity of 45%. 10 indentations were performed on each sample and the hardness and Young’s modulus of each sample were determined.




2.5. Evaluation of Tribological Properties


A universal micro-tribometer (UMT-3, BRUKER) was used to determine the tribological behavior of uncoated (bare) Ti6Al4V substrate, thermal oxide coatings, and complex coatings using the PBS lubricant. A PTFE ball was used to rub against the Ti6Al4V and the reciprocating movement mode was chosen. The temperature was controlled at 37 °C during the sliding experiment, considering the average human body temperature. The initial contact pressure was approximately 22 MPa and the average sliding speed was 12 mm/s.




2.6. Microscopic Observation of Surface Morphology after Sliding


The surface morphologies of the wear scars and scratches after sliding were observed using a stereo light microscope (BX53M, OLYMPUS, Tokyo, Japan). Before each test, the tribo-pairs were washed using PBS. The magnification of sample surfaces was 100 times. The tests were repeated at least thrice for each group.





3. Results and Discussion


3.1. Modification of Surface Bearing Capacity of Ti6Al4V Using Inorganic Thermal Oxide Coating


Previous studies have shown that performing inorganic thermal oxidation on biomedical titanium alloys is beneficial to the preparation of composite coatings [27]. Wang et al. also indicated that inorganic thermal oxidation can effectively improve the surface properties of biomedical titanium alloys for application in artificial cervical discs [28]. The effect of the characteristics of inorganic thermal oxide coatings on the friction characteristics of the surface of Ti6Al4V were investigated herein. The Ti6Al4V substrates were heat treated for 5 h at temperatures of 100 °C, 300 °C, 500 °C, 700 °C, and 900 °C. The surface of the bare Ti6Al4V substrate and the inorganic thermal oxide coatings were verified using XPS. Figure 1 presents the typical XPS survey scans over a binding energy of 0–1200 eV. As shown, the ordinate values gradually shifted upwards from the second line by 80,000, indicating a stark contrast. Line I in Figure 1 represents the typical XPS survey of the bare Ti6Al4V substrate. Lines II, III, IV, V, and VI represent the typical XPS surveys of Ti6Al4V after heat treatment at temperatures of 100 °C, 300 °C, 500 °C, 700 °C, and 900 °C, respectively. Compared to line I, the O1 peaks of lines II–VI were significantly higher, which indicates that inorganic thermal oxide coatings were formed on the surface. Table 1 shows the relative oxygen content on the surface of Ti6Al4V before and after heat treatment. The oxygen content on the Ti6Al4V surface was highest at 300 °C, which can lead to changes in its surface mechanical properties.



The surface morphologies of the Ti6Al4V substrates, before and after heat treatment at different temperatures, were examined using scanning electron microscopy (SEM) to explore the characteristics of the inorganic thermal oxide coatings. As shown in Figure 2(b1–d1), the surface morphologies of the inorganic thermal oxide coatings after heat treatment at 100 °C, 300 °C, and 500 °C are smooth, and are similar to the surface morphology of the bare Ti6Al4V substrate (Figure 2(a1)). The thickness of different inorganic thermal oxide coatings was investigated with the help of stereo light microscope. Cross-sections of inorganic thermal oxide-coated Ti6Al4V were polished by sandpaper. Images that displays the cross section of the inorganic thermal oxide-coated Ti6Al4V were shown in Figure 2(a2–f2). The corresponding thickness of the inorganic thermal oxide coatings formed at 100 °C, 300 °C, and 500 °C were 2 μm, 3 μm, and 2 μm, respectively. This indicates that the inorganic thermal oxide coatings formed at 100 °C, 300 °C, and 500 °C have a similar density and thickness. The structure of the inorganic thermal oxide coating that formed at 700 °C appeared uneven, as shown in Figure 2(e1). The corresponding thickness is 3 μm (Figure 2(e2)). The surface inhomogeneity became more obvious for the inorganic thermal oxide coating formed at 900 °C (Figure 2(f1)), while the thickness increased to 7.2 μm (Figure 2(f2)). Therefore, above a certain temperature, the surface morphology and thickness of the inorganic thermal oxide coating changes significantly with the increase in temperature, which is possibly due to the change of phase of the inorganic thermal oxide coating.



XRD analysis was carried out to further determine the state of the inorganic thermal oxide coatings on the surfaces of the titanium alloy. The representative XRD patterns of the thermal oxide coatings formed on the Ti6Al4V alloys at different temperatures are shown in Figure 3. At 100 °C, 300 °C, and 500 °C, the α-Ti, Ti(O), and TiO2 phases appeared [28,29], which are consistent with those that appeared on the bare Ti6Al4V. As the temperature increased, the phases of the inorganic thermal oxide coatings changed significantly. At 700 °C and 900 °C, peaks at the diffraction angle 2θ = 27.541, 36.061, 41.321, and 54.281 appeared. These peaks can be indexed to the rutile structure of TiO2 [28,29]. Relating phases of the thermal oxide coatings to corresponding surface morphologies (Figure 2), it can be inferred that Ti(O), and TiO2 phases will form a smoother surface, while the rutile structure of TiO2 will cause the surface to form irregular needle-like structure. The higher the temperature, the more pronounced this needle-like structure is.



Friction experiments were carried out using the UMT to study the tribological properties of the inorganic thermal oxide coatings. The friction experiments were performed in the reciprocating mode with an initial load of 2.5 N at 37 °C. Bare/thermal oxide coated Ti6Al4V and PTFE balls were sampled as tribo-pairs. A reciprocating frequency of 2 Hz, corresponding to a sliding speed of 12 mm/s, was used in the experiment. PBS was used as the lubricant. The results of the bare and inorganic thermal oxide-coated surfaces are shown in Figure 4. The friction coefficients of the inorganic thermal oxide coatings formed at 700 °C and 900 °C are 0.288 and 0.240, respectively, which are significantly higher than those formed at the lower temperatures. The friction coefficients of the inorganic thermal oxide coatings formed at 100 °C, 300 °C, and 500 °C were 0.025, 0.027, and 0.072, respectively. Comparing the surface morphologies after sliding—as shown in Figure 4f,g—and combining the results of XRD, the rutile phase of the inorganic thermal oxide coatings would significantly increase the friction coefficient. The surface wear of the inorganic thermal oxide coating formed at 300 °C after the sliding test was minimal. Therefore, the inorganic thermal oxide coating formed at 300 °C has good friction and wear properties.



The inorganic thermal oxide coatings formed at 100 °C, 300 °C, and 500 °C had the same phase and micro-morphology, but different tribological properties, primarily due to the differences in the mechanical properties of the inorganic thermal oxide coatings formed at different temperatures. Nanoindentation experiments were performed to determine the hardness and elastic modulus of the bare Ti6Al4V and the thermal oxide-coated surfaces formed at three different temperatures, as shown in Figure 5a,b. The hardness of the bare Ti6Al4V and the inorganic thermal oxide-coated surfaces formed at 100 °C, 300 °C, and 500 °C was 4.34 ± 0.27 GPa, 5 ± 0.29 GPa, 4.86 ± 0.44 GPa, and 7.84 ± 0.61 GPa, respectively. The corresponding elastic modulus were 134.2 ± 4.9 GPa, 124.6 ± 4.4 GPa, 116.5 ± 4.8 GPa, and 130 ± 7 GPa, respectively. Therefore, heat treatment increases the surface hardness and decreases the elastic modulus. Considering the inorganic thermal oxide coating, the lower the hardness and the elastic modulus, the lesser the corresponding friction and wear. Therefore, compared to heat treatment temperatures of 100 °C and 500 °C, a heat treatment temperature of 300 °C offers better tribological properties.



An interesting phenomenon was that the friction coefficient and wear of the bare Ti6Al4V were minimal with an initial load of 2.5 N, as shown in Figure 4a. The friction coefficient of the bare Ti6Al4V increased with the increase in stress, as shown in Figure 6a. However, the friction coefficient of the inorganic thermal oxide coating formed at 300 °C did not change significantly with the increase in stress, as shown in Figure 6b. Above 2.5 N, which corresponds to a stress of 22 MPa, the wear of the inorganic thermal oxide coating was always lower than that of the bare Ti6Al4V at the same load, as shown in Figure 6c–j, and the inorganic thermal oxide coating increased the bearing capacity of Ti6Al4V from 22 to 352 MPa. The increase in bearing capacity is primarily due to the increased surface hardness of the inorganic thermal oxide coating, as shown in Figure 5a. Therefore, the higher the hardness of the surface, the higher the bearing capacity.



The friction characteristics are closely related to the composition of the inorganic thermal oxide coating. For example, the inorganic thermal oxide coating mainly composed of rutile phase shows a higher friction coefficient. For the same inorganic thermal oxide coating composition, the friction properties are closely related to the elastic modulus of the surface. An ideal temperature value exists at which the inorganic thermal oxide coating has excellent tribological properties. In this study, a temperature of 300 °C was selected for thermal oxidation treatment. Through friction experiments at different loads, the inorganic thermal oxide coating was found to increase the bearing capacity by a factor of 16. Essentially, inorganic thermal oxide coatings enhance the surface hardness, thereby increasing the bearing capacity of the surface. In addition, inorganic thermal oxide coatings can act as an intermediate boundary layer in composite coatings, improving the adhesion between the organic layer and the substrate. This has been demonstrated in previous studies as well [27].




3.2. Synergistic Effect of Inorganic Thermal Oxide Coating and Organic PVPA Coating


In our previous work, we demonstrated the efficacy of organic PVPA coatings in the surface modification of artificial human joints [30]. Figure 7 shows the XPS survey scans of the modified surface. Lines I and III in Figure 7 represent the XPS survey of bare Ti6Al4V and organic PVPA coated Ti6Al4V, respectively. Compared to line I, the appearance of P, the increase in C, and the disappearance of Ti in line III demonstrate the successful modification of bare Ti6Al4V with organic PVPA. Our previous studies showed that the PVPA coating of PVPA-modified Ti6Al4V has a thickness of approximately 400 nm [24,30].



Nanoindentation was performed on the sample to determine the elastic modulus, as shown in Figure 8. The elastic modulus of the organic PVPA-coated Ti6Al4V was 11.2 ± 0.2 GPa, which corresponds to a stress of 21.42 MPa at 2.5N.



Friction experiments with different loads were conducted on the organic PVPA-coated Ti6Al4V. The results are shown in Figure 9. Compared to bare Ti6Al4V, the friction coefficient and wear of the organic PVPA-coated Ti6Al4V were significantly lower. At stresses of 21.42 MPa and 42.84 MPa, the friction coefficient of the organic PVPA-coated surface was lower than 0.01. Thus, the organic PVPA coating can effectively reduce the friction coefficient and surface wear.



An organic PVPA layer can be added to the inorganic thermal oxide coating to simulate articular joints. As shown in Figure 7, lines II and Ⅳ represent the typical XPS survey scans of inorganic thermal oxide-coated Ti6Al4V and composite-coated Ti6Al4V, respectively. Compared to line II, the appearance of P, the increase in C, and the disappearance of Ti in line Ⅳ indicate the suitability of adding organic PVPA on top of the inorganic thermal oxide coating. The elastic modulus of the composite-coated Ti6Al4V was 10.2 ± 0.2 GPa, as shown in Figure 8. The corresponding stress of the composite-coated Ti6Al4V at 2.5 N was 21.36 MPa. The influence of the inorganic thermal oxide coating on the bearing effect of the PVPA coating was studied by changing the applied load, and the results are shown in Figure 10. The composite coating maintained a low friction coefficient of less than 0.01 at stresses of 85.44 MPa. At stresses of 170.88 MPa and 341.76 MPa, the friction coefficients were 0.012 and 0.015, respectively. Compared to the organic PVPA-coated Ti6Al4V, the bearing capacity of the composite-coated Ti6Al4V was increased by the presence of the thermal oxide coating in the composite coating. In the range of superlubricity, the presence of the inorganic thermal oxide coating increased the bearing capacity of the composite coating from 42.84 MPa to 85.44 MPa.



Organic PVPA surface modification can effectively reduce the friction coefficient and wear; at a stress of 42.84 MPa, the friction coefficient was less than 0.01. Compared to PVPA coating alone, the inorganic thermal oxide/organic PVPA composite coating had better bearing capacity. Owing to the inorganic thermal oxide coating, the composite coating had an ultra-low friction coefficient of less than 0.01 at a stress of 85.44 MPa. Thus, the friction coefficient of the composite coating is lower than that of the PVPA coating at high stress.





4. Conclusions


An inorganic thermal oxide/organic PVPA composite coating was designed and fabricated on to Ti6Al4V substrates that were subjected to various experiments. The synergistic regulation mechanism of the inorganic thermal oxide coating and the organic PVPA coating in terms of superlubricity were studied and analyzed. The results indicated that the organic thermal oxide coating can effectively improve the bearing capacity of the Ti6Al4V surface. Compared to bare Ti6Al4V, the thermal oxide-coated Ti6Al4V formed at 300 °C has 16 times higher bearing capacity. The increased hardness provided by the thermal oxide coating is the primary reason for the increase in the bearing capacity. The PVPA coating was found to effectively reduce the friction coefficient. It provides an ultra-low friction coefficient of less than 0.01 at a stress of 42.84 MPa. The synergistic effect of the thermal oxidation layer and the PVPA was able to maintain an ultra-low friction coefficient of less than 0.01 even at a stress of 85.44 MPa. This study provides insights for the design and preparation of coatings with low friction and high load bearing capacity.
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Figure 1. XPS scans of (I) bare Ti6Al4V, and (II-VI) heat-treated Ti6Al4V (II: 100 °C, III: 300 °C, IV: 500 °C, V: 700 °C, and VI: 900 °C). 
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Figure 2. (a1–f1) SEM micrographs of (a1) bare Ti6Al4V, and inorganic thermal oxide coatings formed at (b1) 100 °C, (c1) 300 °C, (d1) 500 °C, (e1) 700 °C, and (f1) 900 °C; (a2–f2) thickness of (a2) bare Ti6Al4V, and inorganic thermal oxide coatings formed at (b2) 100 °C, (c2) 300 °C, (d2) 500 °C, (e2) 700 °C, and (f2) 900 °C measured by stereo light microscope. 
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Figure 3. XRD patterns of bare Ti6Al4V and inorganic thermal oxide coatings formed at 100 °C, 300 °C, 500 °C, 700 °C, and 900 °C. 
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Figure 4. Tribological properties of bare Ti6Al4V and inorganic thermal oxide coatings formed at 100 °C, 300 °C, 500 °C, 700 °C, and 900 °C: (a) friction coefficient versus time, (b1–g1) wear morphologies of (b1) bare Ti6Al4V, (c1–g1) inorganic thermal oxide coatings formed at (c1) 100 °C, (d1) 300 °C, (e1) 500 °C, (f1) 700 °C, and (g1) 900 °C, (b2–g2) wear morphologies of PTFE balls ((b2) tribo-pair of the bare Ti6Al4V, (c2–g2) tribo pairs of inorganic thermal oxide coatings formed at (c2) 100 °C, (d2) 300 °C, (e2) 500 °C, (f2) 700 °C, and (g2) 900 °C). 
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Figure 5. (a) Hardness and (b) elastic modulus of bare Ti6Al4V and inorganic thermal oxide coatings formed at 100 °C, 300 °C, and 500 °C. 
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Figure 6. Tribological properties of bare Ti6Al4V and inorganic thermal oxide-coated Ti6Al4V at different loads: (a) friction coefficient of bare Ti6Al4V versus time; (b) friction coefficient of inorganic thermal oxide-coated Ti6Al4V versus time; (c1–f1) wear morphologies of bare Ti6Al4V with applied loads of (c1) 5 N, (d1) 10 N, (e1) 20 N, and (f1) 40 N; (c2–f2) wear morphologies of PTFE balls (tribo-pairs of bare Ti6Al4V) with applied loads of (c2) 5 N, (d2) 10 N, (e2) 20 N, and (f2) 40 N; (g1–j1) wear morphologies of inorganic thermal oxide-coated Ti6Al4V with applied loads of (g1) 5 N, (h1) 10 N, (i1) 20 N, and (j1) 40 N;(g2–j2) wear morphologies of PTFE balls ( tribo-pairs of inorganic thermal oxide-coated Ti6Al4V) with applied loads of (g2) 5 N, (h2) 10 N, (i2) 20 N, and (j2) 40 N. 
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Figure 7. XPS survey scans of I: bare Ti6Al4V, II: Ti6Al4V heat treated at 300 °C, III: organic PVPA-coated Ti6Al4V, and IV: inorganic thermal oxide/organic PVPA composite-coated Ti6Al4V. 
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Figure 8. Elastic modulus of the PVPA- and composite-coated Ti6Al4V. 
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Figure 9. Tribological properties of organic PVPA-coated Ti6Al4V under different loads: (a) friction coefficient versus time; (b1–f1) wear morphologies of organic PVPA-coated Ti6Al4V under loads of (b1) 2.5 N, (c1) 5 N, (d1) 10 N, (e1) 20 N, and (f1) 40 N; (b2–f2) wear morphologies of PTFE balls (tribo-pairs of organic PVPA-coated Ti6Al4V under loads of (b2) 2.5 N, (c2) 5 N, (d2) 10 N, (e2) 20 N, and (f2) 40 N. 
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Figure 10. Friction coefficient of the composite coated Ti6Al4V versus time under different loads. 
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Table 1. Relative content of O on Ti6Al4V surface at different temperatures.






Table 1. Relative content of O on Ti6Al4V surface at different temperatures.





	Temperature (°C)
	Bare
	100 °C
	300 °C
	500 °C
	700 °C
	900 °C





	Oxygen content (%)
	50.45
	56.46
	78.25
	55.95
	60.09
	65.14
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