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Friction and wear properties play an important role in the long-term in vivo performance of load-bearing bioceramic implants. In this study, the friction and wear behaviors of hydroxyapatite (HA) reinforced with reduced graphene oxide (rGO) and rGO + carbon nanotube (CNT) hybrids were studied by ball-on-disk tests to understand the effects of nanocarbon content and morphology on the composites’ tribological behaviors. The intact and worn surfaces were characterized by optical microscopy, nanoindentation, field emission scanning electron microscopy, energy-dispersive X-ray spectroscopy, and Raman spectroscopy. We found that the incorporation of rGO and rGO + CNT hybrids in HA bioceramic both improved the friction and wear behaviors, and the highest wear resistance was achieved by employing 1 wt% rGO and 1 wt% CNT as reinforcements. The major reinforcing mechanism was the formation of carbonaceous films between the composite surfaces and counterbody, which served as solid lubrication films that resulted in a lower coefficient of friction, higher hardness, and increased hardness/modulus ratio. Importantly, CNT addition facilitated the uniform distribution of the reinforcements in the HA matrix and the pinning effects of CNT enhanced the connection between rGO and HA.
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INTRODUCTION
The aging of the world’s population creates an increasing demand for bone repair and regeneration, with over four million operations annually (Amini et al., 2012; Turnbull et al., 2018). While the use of autografts remains the gold standard treatment, they have very limited availability and can cause donor site morbidity. Allografts and xenografts, albeit with higher availability, pose risks such as disease transmission and detrimental immune responses (Martin and Bettencourt, 2018). A broad array of synthetic biomaterials, including ceramics, metals, polymers, and composites, have been utilized for orthopedic tissue engineering (Aminzare et al., 2013; Wang and Yeung, 2017). Bioceramics are among the most widely used materials for hard tissue repair. Among the diverse forms of bioceramics, hydroxyapatite (Ca10(PO4)6(OH)2, HA) has attracted significant attention because it is the main mineral component in bones and teeth of vertebrates; the biocompatibility, bioactivity, and osteoconductivity of HA have led to its extensive applications in bone tissue engineering (Prakasam et al., 2015). Despite the outstanding biological properties of HA, the insufficient mechanical properties and wear resistance make monolithic HA bioceramics still problematic for load-bearing applications (Baradaran et al., 2014; Liu et al., 2016).
Friction and wear behaviors are important properties that determine the long-term performances of bioceramic implants, especially when used for the substitution of hip and knee joints (Fellah et al., 2015). Due to the complex biomechanical and biochemical environment in the human body, the implanted bioceramics are subjected to constant friction and wear, which is a main reason for the generation of wear debris and implant loosening (Beake and Liskiewicz, 2013). In addition, excessive abrasion causes a reduction of the implant’s mechanical properties, contributing to early-failure of the device (Liu et al., 2014; Li et al., 2018).
To extend the clinical applications of bioceramics, the wear resistance of monolithic bioceramics can be improved by adding secondary carbonaceous reinforcements, such as carbon fibers (Lu et al., 2012) and graphite (Teoh et al., 1998). As nanosized carbonaceous materials, one dimensional (1D) carbon nanotubes (CNTs), and two dimensional (2D) graphene and graphene derivatives such as reduced graphene oxide (rGO), have outstanding physical and mechanical properties and have already shown their potential as reinforcements to improve biomaterials’ tribological behaviors in bioceramic matrixes of Al2O3, HA, and yttria tetragonal zirconia polycrystals (Balani et al., 2008; Lahiri et al., 2010; Gutiérrez-Mora et al., 2019). It has already been demonstrated that the introduction of such nanofillers could markedly improve the overall and microscopic mechanical, friction and wear properties of the composites (Li X. et al., 2020). Furthermore, recent studies on the hybridization or heterostructuring of 1D CNT and 2D graphene used as reinforcements demonstrated improved mechanical and tribological properties of aluminum, magnesium, phenolic, and Cu matrixes (Li Z. et al., 2015; Wang et al., 2018; Li et al., 2019; Turan et al., 2019; Zhao et al., 2019). Such improvement was attributed to the enhanced dispersion state of the nanocarbon reinforcements and the synergistic strengthening effect of 1D and 2D reinforcements induced by the formation of a planar interconnected nano-reinforcement structure (Gao et al., 2017). In addition, rGO and CNT have been proved in a number of studies to be biocompatible when incorporated into bioceramics (Bianco, 2013; Notley et al., 2013; Li et al., 2014; Thompson et al., 2015). However, the application of graphene/CNT hybrids to reinforce bioceramics has not been well studied, and the tribological properties of such composites has been rarely reported. It is therefore of importance to chanracterize the tribological and mechanical behaviors of nanocarbon hybrid-reinforced composteis and explore the possible mechanisms underlying the potential reinforcing effects.
In the present work, we report the preparation of rGO and rGO/CNT hybrids reinforced HA composites, and rationalize their structural, mechanical, and tribological properties. This research aims to expand the applications of advanced bioceramics in load-bearing orthopedic implants through the improvement of their tribological behaviors.
MATERIALS AND METHODS
Sample Preparation
The HA nanorod powders used in this study were produced by a wet chemical precipitation method based on the following reaction and the detailed synthesis procedure was reported in our previous study (Li et al., 2017).
[image: image]
Briefly, diluted ortho-phosphoric acid (Merck, Singapore) was added dropwise through a peristaltic pump to the calcium hydroxide (>96% purity in powder, Merck, Singapore) solution until the pH value dropped below 9, with the solution temperature maintaining at 36.8°C. The HA nanorod precipitates were purified by several rounds of washing with DI water, and the concentration was determined to be 53.5 mg ml−1 by weighing the dried cake from a known volume of solution. Two types of nano reinforcements, rGO nanoplates and CNTs (65928, Sigma-Aldrich, St. Louis, MO) were used in this study. The diameter and length of CNTs were 110–170 nm and 5–9 μm, respectively. Cetyltrimethylammonium bromide (CTAB; H5882, Sigma-Aldrich, St. Louis, MO) was used as the surfactant to homogeneously disperse rGO and CNT in water.
A schematic of the sample preparation process is shown in Figure 1. HA and nanocarbon powders were ball milled (2 h, 180 rpm, Al2O3 balls) in DI water with CTAB (1.0 wt% CTAB to nanocarbons) added as the surfactant, followed by oven drying at 90°C for 12 h and grinding by a mortar and pestle to obtain fine composite powders. Table 1 lists the designation and composition of the prepared composites.
[image: Figure 1]FIGURE 1 | Schematic illustrations of the powder mixing and densification processes.
TABLE 1 | Designation and composition of hydroxyapatite and nanocarbon-reinforced hydroxyapatite composites.
[image: Table 1]The mixed powders were densified using an SPS system (Dr. Sinter 1050, Sumitomo Coal Mining, Japan). According to our previous experiments, the optimal sintering conditions for HA nanorods are 1,050°C dwell temperature, 100°C/min heating and cooling rates, and 3 min dwell time (Li Z. et al., 2020). Briefly, 0.6 g mixed powder was wrapped in a graphite foil and loaded in a cylindrical graphite die with an inner diameter of 10 mm. Two pieces of graphite foils were put between the punches and powder to prevent the reaction between the powder and die set and facilitate current flows. An initial temperature of 600°C was reached in 1 min and maintained for 3 min, followed by a ramp to 650°C in 1 min and subsequently to 1,050°C in 4 min. A pressure of ∼8 MPa was applied initially, and the piston was free to move unless the pressure was above 30 MPa throughout the heating up period. After the temperature reached 1,020°C, the pressure was slowly increased to 50 MPa to inhibit abnormal temperature rise and maintained at this pressure during the dwell time. In the cooling period, the pressure was released to ∼10 MPa. The sintering was performed in a vacuum environment with a residual pressure of ∼4–6 Pa, and sintering temperature was regulated by an infrared pyrometer focused on a small hole in the outer wall of the die.
Wear Tests
The friction and wear performances of nanocarbon-reinforced HA composites were studied by a ball-on-disk micro-tribometer (Continuous Stiffness Measurement High-Temperature Tribometer, Switzerland). The counter surface was provided by a Si3N4 ball with a radius of 3 mm. A normal load (Fp) of 2 N was applied on the ball, which slid against the polished samples in a circular path (2 mm in diameter) for 10,000 laps at a sliding speed of 1.5 cm/s. Prior to the wear tests, the sintered pellets were sequentially ground using grit #400, #800, #1200, #2400, #4000 sandpapers, and polished with 1 and 0.25 µm diamond pastes to obtain mirror-like surfaces and cleaned with ethanol.
The wear volume (V) was calculated based on the width of wear tracks according to the following equation (Huang et al., 2017):
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where R is the sliding radius, w the average width of the wear track and r the radius of the Si3N4 ball. w was measured by ImageJ software for at least three times and the standard deviation was reported. The wear rate of the plates (W) was calculated from the slope of wear volume vs. sliding distance and normal load (Ahmad et al., 2018):
[image: image]
where V is the wear volume loss derived from Eq. 2, L is the sliding distance equal to 94.25 m, and Fp is the applied normal load.
Characterization
The morphology of the intact and worn surfaces of sintered samples was observed by optical microscopy (Zeiss Axioskop 2, United States) and field emission scanning electron microscopy (FESEM; JEOL JSM 7600F, Japan). The Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted with the EDS detector (Oxford Instruments, United Kingdom) equipped with FESEM to compare the relative carbon content in different areas on the same sample. Prior to FESEM observation, samples were cleaned with ethanol, mounted on the sample holder using conductive tape, and coated with platinum for 30 s. It is noted that the accelerating voltage used for FESEM imaging was 2 kV to avoid the charging effect, and was increased to 15 kV in EDS analysis to obtain sufficient signals.
Raman spectroscopy is a fast, nondestructive, and high-resolution tool for the characterization of the rGO and CNT based composites (Wu et al., 2018). Raman spectra of fresh and worn surfaces of rGO and CNT reinforced HA composites were collected using a Rapid Imaging MicroRaman spectrophotometer system (Renishaw Invia, United Kingdom) with a 488 nm line of a HeNe laser.
The Young’s modulus and hardness of the sintered samples were measured using the Agilent Nano Indenter G200, which was operated under the continuous stiffness measurement mode. A Berkovich diamond tip (Micro Star Technologies B-style, tip radius ∼20 nm) was used and the tip-area calibration was done using a standard fused silica substrate of known modulus (72 GPa). The depth limit, strain rate target, harmonic displacement target, and frequency target were set at 1,000 nm, 0.05 s−1, 2 nm, and 45 Hz, respectively.
In nanoindentation tests, the total work (Wt) done by the penetration process can be divided into two parts:
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where We and Wp correspond to the elastic and plastic work done, respectively. The ratio of Wp over Wt is used to indicate the materials’ elastic-plastic properties (Cheng and Cheng, 2004; Lahiri et al., 2010):
[image: image]
where hm and hf are the depth of the indent at peak load and the final one after elastic recovery, respectively.
[image: Figure 2]FIGURE 2 | Microscopic images of the wear tracks: (a) HA; (b) 1rGO; (c) 2rGO; (d) 0.5rGO+0.5CNT; (e) 1rGO+1CNT. The corresponding wear rates of the sintered bioceramics are given in (f).
RESULTS
Optical Microscopy and Wear Rate
Optical microscopy observations of the wear scars of various compositions (Figures 2A–E) show the width of wear scars, with the width values of wear scars marked in each Figure. In general, compared with pure HA, the wear track widths of the composites were reduced at higher total nanocarbon content, and the narrowest value was obtained in 1 wt% rGO and 1 wt% CNT- reinforced composites. Similar trend was reported by Yazdani et al. (2015) in the graphene nanoplates (GNPs)- and CNTs-reinforced Al2O3 system. The specific wear rates calculated from Eqs. 2, 3 are shown in Figure 2F. Pure HA pellet had a high wear rate of 18.55 ± 2.07×10–15 m3/N·m and the addition of any kind of nanocarbon fillers to the HA matrix resulted in a significant improvement in wear resistance. In addition, this improvement was influenced by the loading content and morphology of the reinforcements. In terms of loading content, by increasing the total nanocarbon loading from 1 to 2 wt%, the wear resistances of both rGO- and rGO + CNT-reinforced composites were substantially increased. In rGO-reinforced HA composites, the wear rate was decreased from 3.14 ± 0.25 to 2.27 ± 0.21×10−15 m3/N·m with an increase of filler loading from 1 to 2 wt%; in rGO + CNT composites, the decrease was more obvious, from 8.54 ± 0.31×10−15 m3/N·m for samples with 1 wt% nanofiler to 1.09 ± 0.32×10−15 m3/N·m for those with 2 wt% nanofiller. In terms of nanocarbon morphology, by comparing the rGO- and rGO + CNT- added composites with the same nanocarbon content, the wear rates differed a lot. At 1 wt% total nanocarbon loadings, 1 rGO had a lower wear rate than 0.5 rGO + 0.5 CNT, whereas at 2 wt% total nanocarbon loadings, 1 rGO + 1 CNT composites showed higher wear resistance than 2 rGO composites. Furthermore, compared with 1rGO added composites, the addition of 1 wt% rGO and 1 wt% CNT as reinforcements had further improved the wear resistance. Compared with pure HA sample, the lower standard deviations for nanocarbon-reinforced composites were possibly due to the improved electrical and thermal conductivities of the composites induced by the addition of nanocarbon reinforcements that facilitated more uniform structure of the composites in the spark plasma sintering process.
[image: Figure 3]FIGURE 3 | Number of laps vs. coefficient of friction in the tribological tests: (a) the whole laps; (b) the first 1000 laps. (b) is enlarged from dashed rectangle in (a).
Coefficient of Friction
To assess the friction performance of the composites, the evolution of the coefficient of friction coefficient (COF) during the ball-on-disk tests of pure HA and nanocarbon reinforced composites were recorded in the whole wear cycle, as shown in Figure 3. From Figure 3A, the friction process was divided into two stages: wear in stage and stable wear stage (Ji et al., 2018). It was observed these two stages were most distinct for the pure HA pellet. With 1 wt% nanocarbon in HA, the low COF stage of 1rGO composite lasted for longer laps, compared with pure HA pellet. When the carbon content was further increased to 2 wt%, the COFs of both 2 rGO and 1 rGO + 1 CNT pellets were further decreased and maintained at lower values. Also, it is interesting to see from Figure 3B that during the first 200 laps, there was a significant drop of COF when 2 wt% nanocarbons were introduced. This decrease in the friction response can be explained by the lubrication nature of carbonaceous fillers and was enlarged with higher contents of nanocarbons (Llorente et al., 2016).
[image: Figure 4]FIGURE 4 | Schematic of the indentation depths at peak load and the final one after elastic recovery (a) and the effect of wear process on mechanical properties of sintered samples and worn surfaces in various compositions: (b) elastic/plastic behavior, (c) elastic modulus and hardness, (d) hardness/modulus ratio.
Mechanical Properties of the Worn Surface
To study the change in mechanical properties of each composition, nanoindentation was carried out before the wear tests and within the wear track after the wear tests. Schematics of hm and hf are shown in Figure 4A. The plasticity index ([image: image]) was computed and shown in Figure 4B. It was observed that the fraction of plastic work was decreased after the wear process and the composites reinforced with nanocarbons had lower values than pure HA. Thus, it is evident that the composites reinforced with nanocarbons had improved reisistance to plastic deformation and exhibits enhanced elastic recovery abilities compared to the pure HA pellets (Oke et al., 2020).
From Archard’s Law (Archard, 1953), the surface hardness has long been considered as a major factor affecting the wear properties. From Figure 4C, the surface hardness of nanocarbon-reinforced composites was higher than that of pure HA before and after the wear tests. The higher worn surface hardness resulted in a considerable reduction in the localized plastic deformation on the worn surfaces and the wear resistance was improved (Konyashin et al., 2015; Yazdani and Isfahani, 2018).
The hardness over modulus or H/E ratio is a popular parameter to predict a material’s tribological properties. In Figure 4D, the H/E ratios of the bioceramic pellets before and after wear tests are shown. Before wear tests, the samples’ H/E ratios were around 0.062 for nanocarbon reinforced composites and around 0.047 for pure HA samples. Furthermore, on the worn surface, all the H/E ratios were increased and the values in nanocarbon reinforced composites were still higher than that of pure HA.
Raman Spectroscopy
The Raman spectra of HA and the composites before and after wear tests are shown in Figure 5 and the identified Raman bands are tabulated in Table 2; the Raman bands for stoichiometric HA and natural bone were also provided for comparison purposes. For all the spectra, the characteristic peaks of HA were identified, with the strongest peaks close to 961 cm−1 assigned to the v1 vibration of PO43−, while the peaks around 430, 1,045, and 590 cm−1 were attributed to the v2PO43−, v3PO43− and v4PO43− HA bands (Tsuda and Arends, 1994; Koutsopoulos, 2002; Antonakos et al., 2007; Cheng et al., 2019). It was noted that the peak positions of v2PO43−, v3PO43−, and v4PO43− bands were indexed as the strongest peaks in each group. By comparing the bands belonging to HA before and after the wear tests in each sample, there was no significant wave number change. Additionally, no new peak was detected after the wear tests, meaning the matrix material HA was chemically stable and there was no reaction between HA and Si3N4 counterbody in the wear tests.
[image: Figure 5]FIGURE 5 | Raman spectra with the main bands and enlarged D and G peaks for: (a,b) fresh surfaces before wear test and (c,d) worn surfaces.
TABLE 2 | Comparison of Raman band assignments for the intact and worn surfaces of sintered samples, stoichiometric HA, and Bone.
[image: Table 2]The presence of carbon bands in Raman spectra of rGO- and rGO + CNT-reinforced composites before and after the wear tests proved the survival of nanocarbons after the sintering and wear processes. The calculated intensity ratios of D peak and G peak (ID/IG) are shown in Table 2 to indicate the degree of structural defects of rGO and CNT. In general, the wear tests led to an increased ID/IG ratio due to the generation of new structural defects. This increment was directly related to the number of edges and defects, indicating the fragmentation of rGO and/or CNT. By comparing the increment of ID/IG ratios caused by the wear process in rGO composites and rGO + CNT composites, the increment was less in the rGO + CNT hybrid- reinforced composites, indicating fewer defects were generated in the rGO + CNT hybrid reinforced composites (Yan et al., 2014; Xiong et al., 2016).
Wear Track Microstructure
The microstructures of wear tracks provide valuable information on the samples’ wear properties. The worn surfaces of all samples are shown in Figure 6. The surface morphology of the wear tracks clearly indicated that HA and nanocarbon reinforced composites underwent abrasive wear. In pure HA samples, microcracks (1.85 ± 0.61 µm in length) were formed randomly in the wear track and it is obvious that the worn surfaces of nanocarbon reinforced composites were smoother than those of the pure HA samples. In nanocarbon-reinforced composites, fewer cracks, albeit in larger sizes (2 rGO: 6.90 ± 2.62 µm in length; 1 rGO + 1 CNT: 5.29 ± 1.02 µm in length), were observed. The reduction in microcracks can be explained by the self-lubricating ability of rGO and CNT that played a vital role in obtaining smoother surface and the larger cracks were possibly formed due to the existence of agglomerating or stacking of nanocarbons (Romanov et al., 2015; Yazdani et al., 2015; Zeinedini et al., 2018).
[image: Figure 6]FIGURE 6 | FESEM images of wear tracks: (a) HA; (b) 1rGO, inset: rGO had strong bonding with HA matrix; (c) 2rGO; (d) 0.5rGO+0.5CNT; (e) 1rGO+1CNT.
To study the role played by rGO and CNT in improving the bioceramics’ tribological properties, the wear track morphology of HA composites with 2 wt% nanocarbon, in the form of rGO alone or rGO + CNT hybrid, were examined by FESEM under Low Angle Backscatter Electron (LABE) mode (Figures 7, 9). Figure 7 shows the fresh and worn surfaces of 2 rGO composites. As can be seen in Figure 7A, there was a clear boundary between the fresh and worn surfaces, marked with a blue dotted line. The fresh surfaces were flat and dense with no crack, while grooves were parallelly aligned in the worn surface. Figure 7C shows the fresh surface at higher magnification, where the shaded areas (circled in red) indicated the distribution of rGO in HA. Figures 7B,D shows the worn surfaces, and fragments of rGO were found to attach firmly in the grooves. This confirmed the strong bonding between rGO and HA, and proved that rGO could survive the harsh wear process.
[image: Figure 7]FIGURE 7 | FESEM LABE images of 2rGO composites showing the fresh and worn surfaces: (a) fresh and worn surfaces at lower magnification; (b,d) worn surfaces at higher magnifications; (c) fresh surface at higher magnification.
[image: Figure 8]FIGURE 8 | EDS analysis of the fresh and worn surfaces of 2rGO composites: (a) electron image; (b,c) line element scan; (d,e) area element scans.
The formation of tribofilm was also supported by EDS analysis, as shown in Figure 8. Both the EDS line element scan and area element scans confirmed the variation of carbon atom concentration induced by the wear process. The carbon atom concentration showed a significant drop from wear track to the fresh surface in the line scan (Figures 8B,C) and the carbon concentration values given by the area element scans taken ∼15 μm away from the line scan showed the same trend (Figures 8D,E). Although EDS analysis is not quantitative, it can provide reliable information for comparing the relative carbon content in different areas analyzed under the same conditions on the same sample. Furthermore, all the atoms detected in EDS belonged to HA (calcium, phosphate, and oxygen) or rGO/CNT (carbon and oxygen), and no silicon or nitrogen atoms were detected. Thus, it is further confirmed by EDS that there was no reaction between HA and Si3N4 counter ball during the wear process. The EDS results indicated the formation of a uniform carbon-rich layer after the wear process in 2 rGO composites. The formation of a tribofilm also explained the reduction of COF as discussed previously (Wu et al., 2019).
[image: Figure 9]FIGURE 9 | FESEM LABE images of 1rGO+1CNT composites showing the fresh and worn surfaces: (a) the fresh surface at high magnification; (b) the fresh and worn surfaces at low magnifications; (c) the worn surface at high magnification.
Figure 9 shows the fresh and worn surfaces of the 1 rGO + 1 CNT composites. As shown in Figure 9B, a boundary between fresh and worn surfaces was marked by the dotted blue line. The fresh surface, shown in Figure 9A, was as smooth as those of 2 rGO composites. Simultaneously, CNT bridging between HA and rGO that could reduce the degree of rGO stacking for uniform dispersion of the reinforcements had been seen (Priyadershini et al., 2019). Similarly, tribofilms were formed and composed of rGO and CNT.
DISCUSSION
The arrangement of carbon layers in CNT and rGO determined the behaviors of these two nanomaterials during the ball-on-disk tests. Treating the contact configuration between the Si3N4 ball and test surface as sphere on plate contact, we calculated the contact pressure. The maximum Hertzian contact pressure (pmax) (Greenwood and Tripp, 1967) was 736.9 MPa, and the max shear stress (τmax) was 228.5 MPa within the bioceramic pellets. McAllister et al. (2007) calculated the pressure needed to overcome Van der Waals binding between adjacent layers in GO sheets and graphene sheets, which was 2.5 and 7.2 MPa, respectively. For multiwall CNTs, the removal of a single graphene layer from multiwall CNT requires a force in the range of 11–63 GPa (Yu, 2000). During the wear tests, rGO was fragmented into smaller and thinner pieces, while the peeling of CNT walls was restricted by the concentric arrangement of the layers; therefore, only breaking of CNT occurred. The above calculations indicated that rGOs, which were delaminated during the wear test, served as protecting films, and that CNTs were cut off and fell off the Si3N4 counter surface.
According to Yazdani et al. (2015) and Min et al. (2018), CNT and graphene served as micro-bearings that transfer the friction force between counterbody and test surface to rolling and sliding forces to reduce COFs and wear rates when graphene and CNT hybrids were used as reinforcements in composite mateirals. As a result, rGO and CNT were ground on the test surfaces and a solid lubricant film composed of carbon was formed. The formation of tribofilm was in accordance with the COF results that there was a significant drop of COFs in the first 200 laps in the composites with 2 wt% nanocarbon addition. The reduction in wear rate should be attributed to the change of contact between the two sliding surfaces from HA-to-Si3N4 contact to carbon protected HA-to-Si3N4 contact. From Reye’s hypothesis, or energy dissipative hypothesis, with the sliding distance and normal force fixed, the work done was proportional to the integration of the COF during the whole wear cycle. The reduction of COF resulted from the formation of tribofilm reduced the total work done during the test and thus contributed to improved wear behaviors (Flores, 2009).
Moreover, pressure on the tribosurface could be transferred effectively from the matrix to the strong rGOs and CNTs. Usually, the reinforcements act as load-bearing components at contact surfaces which tend to protect the surface from being plowed during sliding (Dorri Moghadam et al., 2015). Figure 4 suggested that the wear process had a more obvious influence on the surface mechanical properties in nanocarbon reinforced composites than on pure HA, in terms of elasticity, hardness, elastic modulus, and the H/E ratio. In the wear process, if the portion of elastic behavior is increased, the boundary between stick and slip zones moves less, and wear is reduced (Archard, 1957; Hu et al., 2016). Furthermore, materials with higher elastic resilience would absorb more energy to reduce crack and recover after wear tests (Sherif and Almufadi, 2016; Choi et al., 2017). As a result, the resistance of the bioceramics to plastic deformation was improved with the addition of rGO and CNT, and the wear resistance of the composites was further enhanced. By comparing the wear rate and mechanical properties, it can be concluded that the higher elasticity, hardness, and H/E ratio were favorable to enhance the composites’ wear resistance.
The incorporation of rGO and rGO + CNT hybrids as reinforcements in HA bioceramic both reduced the friction between sintered pellets and Si3N4 counter ball, and improved the sintered pellets’ wear resistance. A tribo film was formed during the wear process due to the thinning and pinning effects of rGO and CNT. In Raman spectra, the G band shifts to higher wavenumber when the number of layers decreases (Wu et al., 2018; McCreary et al., 2019). After the wear tests, the G bands had positive shifting in all the nanocarbon reinforced composites, confirming the thinning of nanocarbons induced by the wear process. As a result, friction was lower due to the lubrication nature of rGO and CNT, and local hardening was introduced with higher hardness and H/E ratio. Both the higher stability and larger lubrication area of the hybrid carbons contributed to the improved friction and wear properties (Yan et al., 2014; Li Y. et al., 2015). In addition, CNT facilitated in achieving uniform distribution of reinforcements in the composites and the pinning effects of CNT enhanced the connection between rGO and HA, making the composites more resistant to wear. A schematic illustration of the above wear process for the composites reinforced with rGO and rGO + CNT hybrids is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Schematic illustration of the surfaces before and after wear tests: (a,b) rGO reinforced HA composites; (c,d) rGO + CNT reinforced HA composites.
CONCLUSION
When rGO and rGO + CNT hybrids are introduced as reinforcements in HA bioceramic, the wear and friction performances of the composites were strongly dependent on nanocarbon content and morphology. By increasing the total nanocarbon loadings from 1 wt% to 2 wt%, the wear resistance of both rGO and rGO + CNT reinforced composites was substantially increased. With 2 wt% total nanocarbon content and the nanofiller morphology as rGO/CNT hybrids, the wear rate was reduced by 94.1%. The primary reinforcing mechanism was the formation of carbonaceous films between the composite surfaces and counterbody that served as solid lubrication films. The formation of tribo film was confirmed by FESEM, EDS, and Raman spectra analyses. The tribo film resulted in lower coefficient of friction, higher hardness, and hardness/modulus ratio that contributed to the improved wear performance.
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