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Abstract

:

Spherical diamond particles have great potential as additive materials for improving lubricity of lubricants, and yet the complicated preparation process is difficult to meet the current industrial demand. Therefore, a novel method was proposed to deposit mass spherical diamond on the discontinuous silicon nitride (Si3N4) powder substrate by the hot filament chemical vapor deposition method. The results revealed that the substrate was covered by the spherical diamond grains with a diameter of about 20 μm. Thereafter, they were used as lubricant additives to examine the tribological and grinding properties. Therein, the Si3N4 surface had a remarkable reduction in surface roughness by a factor of 124.62% as compared to that without spherical diamond powder, while GCr15 alloy had a 31.17% increase under the same condition. Hence, our method provides a promising way to deposit the mass spherical diamond powder that might become a great abrasive material for machining the ceramic.
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1. Introduction


In industrial production and processing, the friction between various components was inevitable and always existed in mechanical motion. However, the friction process not only wasted much mechanical energy, but also led to wear and malfunction of components. Therefore, it was necessary to take measures to reduce the surface friction between mechanical devices and prolong their application life. The lubricant has been proven to be one of the most effective and widely used means to reduce friction and wear [1]. In practice, it was usually necessary to use additives to improve the lubricating properties of the lubricant, so as to meet different industrial requirements. However, the traditional additives were mostly based on simply improving the chemical properties of the lubricant, and there were also environmental pollution problems, which were difficult to adapt to the developing requirements of modern industrialization. It has been found that the addition of micro-nanoparticles to lubricants can improve lubricity, low-temperature fluidity and anti-wear properties [2,3]. Moreover, the inclusion of micro-nanoparticles allowed the friction state between the friction partners to be altered, which greatly improved the lubrication effect. Hence, for solid additives, spherical shape was undoubtedly a more desirable three-dimensional (3D) surface structure, which could convert sliding friction into rolling friction and drastically reduce surface wear [4].



Diamond prepared by chemical vapor deposition (CVD) had gained extensive attention due to its excellent properties, such as low friction coefficient, super hardness, well wear resistance and high-thermal conductivity [5,6]. Currently, small spherical materials have been widely applied in many industrial fields, such as semiconductors, tribology and advanced catalysts [7,8,9]. Generally, the CVD diamond had a columnar shape with {111} crystalline face after a deposition time of several hours, while the spherical diamond grains commonly appeared at the initial stage of CVD deposition and only discretely distributed on the substrate surface at nanometric scale size [10]. Hence, it was significant to research the deposition process of large spherical diamond for the tribological applications of CVD diamond [11,12].



It was found that the growth of the spherical diamond grains was highly correlated with the pressure and temperature during the CVD deposition [13]. The spherical diamond grains with an average diameter of 7 μm had been grown under the pressure of 1 kPa [9], which was much lower than the columnar shaped diamond grains (3–5 kPa) [14,15]. Meanwhile, it was difficult to ensure the uniform distribution of grains at such low pressure [16]. In consideration of the fact that such spherical diamond grains were obtained by deposition at low temperature or low pressure, this may be attributed to the incomplete growth of lamellar diamonds [17]. On the other hand, an intermediate layer deposited in the front of the substrate surface had shown good feasibility to fabricate the spherical diamonds grains [18]. Discontinuous spherical grains might appear on the rough areas of the aluminum or nickel interlayer [19,20]. Therefore, a rough surface was also potentially favorable for the growth of spherical diamond grains. In addition, nanocrystalline spherical diamond grains with a 3–5 nm diameter had been obtained by the commercial B-3 bombardment nano-diamond technology [21], but the complex deposition process and small diameter hardly satisfied the mass production at the current stage.



In this work, a novel diamond deposition method was proposed to explore the growth of the spherical diamond grains. The method was primarily aimed at creating environmental conditions adapted to the growth of spherical diamonds by increasing the surface roughness of the deposited substrate for which silicon nitride (Si3N4) powder was directly employed as substrate. Thereafter, scanning electron microscopy (SEM), a transmission electron microscope (TEM), Raman spectroscopy (RM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and a Fourier transform infrared spectrometer (FTIR) were performed to characterize the deposited diamond grains. Finally, the tribological and grinding properties of the spherical diamond grains were also evaluated.




2. Experimental


In order to achieve a high roughness surface for fabricating the spherical diamond coating, the 99.99% pure Si3N4 powder with about 20 nm diameter was selected as the substrate in this work. An important step in this subsequent work was to compact and shape the Si3N4 powder to prevent tiny particles from being pumped out of the CVD chamber in a vacuum environment. Here, the clean Si3N4 powder was put into a mold and subsequently extruded with an external load of 1000 N to form a circular sheet substrate with Ø40 × 0.4 mm2. In addition, the commercial reaction-sintered flat Si3N4 insert with square geometry of 10 × 10 × 3 mm3 was also employed as the substrate to deposit the diamond grains with aims of a comparison. Prior to the deposition experiments, pretreatments need to be performed for the sintered Si3N4 substrate by the following three steps: (i) roughening the surface using diamond powder slurry with abrasive paper for 20 min; (ii) cleaning with deionized water in an ultrasonic vessel for 10 min; and (iii) washing with a high-purity acetone solution in an ultrasonic vessel for 20 min.



The diamond grains were fabricated with the conventional hot filament CVD technology in a bias-enhanced reactor. The high temperature was offered by the hot filaments using four pair-twisted tantalum wires that were separated in a parallel and equidistance manner with a ~20 mm interval. The distance between the hot filaments and substrate was set at ~10 mm. The temperature of filament during deposition was 2000–2200 °C to keep the surface temperature at approximately 800–900 °C. A mixture of CH4 and H2 was used as the reaction gas to deposit the diamond coatings, and the concentrations were set to 10 and 240 sccm, respectively. The deposition process was divided into the nucleation stage and the growth stage, and the relevant parameters are listed in Table 1. During the 1h nucleation stage, the pressure in the CVD reaction chamber was set at 1.5–2.0 kPa to increase the nucleation density [22]. Thereafter, the reaction pressure was adjusted to 4.5–5.0 kPa and the time was set to 6h to provide a suitable condition to deposit the diamond grains in the growth phase.



The surface and cross-sectional morphologies of diamond coatings were characterized by SEM (Hitachi Ltd., Tokyo, Japan) at 5 kV, which can explore the effect of the substrates on the morphologies of the as-deposited diamond grains. The RM (Horiba Jobin Yvon Ltd., Paris, France) using an Ar+ laser with an excitation wavelength of 532 nm was performed to analyze the diamond quality on both substrates. The XRD (Bruker Ltd., Ettlingen, Germany) and XPS (Thermo Fisher Ltd., Waltham, MA, USA) were employed to evaluate the lattice properties and the chemical bonding of diamond grains, respectively. Furthermore, the TEM (JEOL Ltd., Tokyo, Japan) was adopted to analyze the atomic structure of the spherical diamond grains at 200 kV, and the FTIR (Thermo Fisher Ltd., Waltham, MA, USA) was performed to determine the chemical composition. Thereafter, the spherical diamond grains were broken into particles to explore their tribological and grinding applications, and the abrasive surfaces were observed by a white light interferometer.




3. Results and Discussion


3.1. Characteristics of the As-Deposited Diamond Grains


For the purpose of the following description, the diamond grains prepared on the powder are referred to as P-diamond, and the diamond grains prepared on the sintered Si3N4 insert are labeled as S-diamond, and their SEM images are shown in Figure 1. It can be seen that the Si3N4 powder substrate was covered by the spherical diamond grains with a diameter of 15–20 µm, which was larger than those reported in the previous literature [23]. To the best of our knowledge, such a P-diamond ball might be the largest in the current deposition process, which might mainly result from the special physical properties of the discontinuous powder substrate. For the sintered Si3N4 substrate, the S-diamond coating was well deposited with a normal flat {111} crystal plan, which showed the similar surface morphology of the classical microcrystalline diamond (MCD) coating [24]. As compared with the P-diamond coating, the S-diamond coating exhibited a dense surface without any hole. Hence, although the common consensus was reached on the fact that the surface roughness significantly affects the surface morphology of CVD diamond coating, the discontinuous surface substrate still induced a very interesting and special behavior of motiving the fabrication of the large spherical diamond grains that was never observed before.



In order to further explore the growth mechanism of spherical diamond grains, the cross-sectional morphologies of two diamond coatings were observed, as shown in Figure 2. Here, the preparation for the cross-section samples was performed by the different broken method. Two clean tweezers were employed to hold the corresponding edges of P-diamond coating, and then the gentle force was imposed to break the powder substrate. Since the sintered Si3N4 substrate is a brittle and insulating material, we adopted the mechanical method to directly split the S-diamond coating, rather than wire cutting technology. In Figure 2a, the spherical morphology led to a large fluctuating interaction in the vertical direction, which resulted in the high surface roughness of the as-deposited P-diamond coating. Meanwhile, an impressive thickness of about 20 μm suggested the high growth rate of the P-diamond coating relative to that of the normal CVD diamond coating. For the S-diamond coating, the cross-sectional morphology clearly showed a columnar growth manner. The relatively high smooth surface led to a flat diamond surface with only 5 µm thickness, which was much lower than that of the P-diamond coating. In addition, apparent large-sized pores were observed at the junction of the P-diamond film and the Si3N4 powder substrate (see red dashed rectangular box), which did not occur significantly in S-diamond, probably due to the uneven surface morphology of the powder substrate, resulting in the failure of the spherical diamond to spread over the entire surface even at the nucleation stage. In fact, although the powder substrate was compressed by external loads prior to the experiment, holes of various sizes still existed internally (see yellow dashed rectangular box), which allowed the spherical diamond to be susceptible to cohesion, and thus, clustering together due to the relative looseness of the substrate surface during the deposition process.




3.2. Deposition Mechanism of the As-Deposited Diamond Grains


In this work, we were devoted to the deep investigation on the mechanism of the considerable discrepancy in surface morphologies between P-diamond coating and S-diamond coating. It was noted that the main difference between these two diamond coatings was the case of whether the substrate was a discontinuous surface or not. Here, a hypothesis was proposed to describe the growth process of P-diamond coating. Meanwhile, the S-diamond coating was also considered for comparison. Figure 3 shows the proposed schematic procedure of diamond growth. Although the Si3N4 powder substrate was mechanically pressed under a larger load, and thus flattened the substrate surface prior to deposition, it was still an uneven surface at the microscopic scale. Many large holes were distributed on the surface of powder substrate as compared to the sintered substrate. The coupling between inhomogeneous materials and discontinuous surface might cause difficulties in the epitaxial growth of diamond grains in the horizontal direction. In addition, during the deposition process, the carbon atom reactive groups gathered more easily in the recesses of the substrate surface before the nucleation stage, which led to the difficulty of diamond nanoscale nucleation sites to spread uniformly over the whole surface, and thus aggregated mutually to grow into larger spheres. In contrast, the sintered Si3N4 insert can present a smooth and flat surface by polishing, as shown in Figure 3b. The flat surface enabled the diamond crystal nucleus to form larger crystals by diffusion and migration after stabilization in the nucleation stage, which in turn generated a continuous surface uniformly over the entire substrate.




3.3. Chemical Bonds of the As-Deposited Diamond Grains


The Raman spectrum of the P-diamond and S-diamond were plotted separately in Figure 4 to evaluate the structural composition and quality of the materials. A natural diamond Raman line, located at 1332.33 cm−1, was found in the Raman curve of the P-diamond [15], and the main stem of the spectrum was relatively flat, which indicated the good quality of diamond particles. Meanwhile, the peak width at 1332.33 cm−1 might be caused by the tiny size of the diamond grains [25], and a similar Raman pattern was obtained in a previous study of spherical grains [9]. In addition, a high G-peak at 1582.71 cm−1 indicated a small amount of sp2 state carbon existed in the diamond grains, which was generally associated with the amorphous carbon layer [26]. In contrast, a sharp and narrow Raman peak at 1336.7 cm−1 of the S-diamond Raman curve with a slight offset compared to the typical diamond was observed, which suggested the existence of diamond misalignment in the film. This might result from the diamond crystal deformation due to the mismatch of crystal parameters and thermal expansion coefficient between diamond and substrate. Meanwhile, the high G-peak at 1572.2 cm−1 might be a Raman scattering caused by the sp2 carbon bond, confirming a high degree of misalignment with respect to the diamond Raman peak. It was noted that characteristic peaks of varying intensity were also present in the 1650~1700 cm−1 region, which could be attributed to the sp2 hybridized carbon [27] and the C=O group [28]. However, the object of detection was inorganic and there were no oxygenated compounds involved in the deposition reaction, thus it could be determined that the Raman peaks were not caused by C=O groups.



A typical XRD pattern of P-diamond grains in the 2θ range from 20° to 80° is shown in Figure 5. The shape factor (K) was set as 0.94 and the X-Ray wavelength (λ) was 1.5406 Å. The pattern consists primarily of four phases: diamond, C-Si, C-N, and Si-N. The peaks at 2θ = 43.915°, 51.283° and 75.372° corresponded to the {111}, {200} and {220} diamond crystal plane, respectively (PDF#43-1104). The {200} crystal plane had a stronger energy peak than the {111} and {220} ones, and thus a considerable portion of the spherical diamond grains might grow along the {200} direction. According to the previous studies, the appearance of other peaks can be attributed to the formation of C-Si, C-N, and N-Si bonds during diamond grain growth [29]. Therefore, silicon and nitrogen on the Si3N4 surface had a high potential to react with the carbon-based groups during the diamond grain growth, thus affecting the formation of diamond C-C bonds. This analysis also confirmed the observation in the SEM morphology in which the spherical diamond particles failed to develop a dense coating on the entire substrate surface.



The elements in the P-diamond grains were evaluated by XPS and their chemical states were also detected, as shown in Figure 6. Meanwhile, the deconvolution of the high-resolution spectra was also performed based on Shirley background subtraction. The C (1s) spectrum of the diamond grains were decomposed into four parts located at 284.4, 284.8, 285.6, and 287.2 eV, which were associated with sp2 C=C, sp3 C-C, sp2 C-N/C=N, and sp3 C-N, respectively [30]. The sp3 C-C component had a larger peak area rate (62.8%) as compared to the sp2 C=C component (27.4%), indicating that the diamond coating contained many non-diamond bonds [31]. The sp2/sp2 C=N and sp3 C-N peaks formed during the nitridation process are 9.82% of the total area due to the deposition of polycrystalline diamonds on the loose Si3N4 powder substrate in a high-temperature environment, which had affected the bonding structure [32]. In addition, the peak located at ~283.2 eV (associated with Si-C bonding) was not found in the XPS spectrum, which indicated no Si-C bonding existed in the grains. For the N (1s) spectrum, it was decomposed into five parts located at 397.4, 397.9, 398.5, 399.3, and 400.1 eV, as shown in Figure 6b, which were associated with Si-N, sp3 C-N, sp3 C-N, sp1 C≡N, and sp2 C=N, respectively. Meanwhile, the C-N, C=N and C≡N bonds were also found in the N (1s) spectrum, which was consistent with the results in the C (1s) spectrum. For the Si (2p) spectrum, the two peaks located at 100.9 and 102.0 eV were associated with the Si-C and Si-N bonds, respectively. This further demonstrated the existence of Si-N bonds in the diamond coating. However, the Si-C component existed in the Si (2p) spectrum was not found in the C (1s) spectrum, which may result from the small amount of Si-C bonds in the diamond coating [33].



In order to investigate the tribological and grinding properties of the P-diamond, the larger diamond particles were shattered and further observed by SEM, as shown in Figure 7a. The characteristic diameters of most particles in the broken diamonds can be observed to be no more than 10 μm. The TEM image of broken diamond grains is shown in Figure 7b, and the high-resolution image of region A was shown in Figure 7c. The interplanar spacings of the diamond layers was 0.206 nm, which was close to the {111} plane. In addition, wavy streaks with interplanar spacings of 0.332 nm existed in the bottom middle part of Figure 7c, which might be related to the graphite layers produced during the breaking of P-diamonds. Moreover, a few grains displaying 2D lattice stripes can be seen, and the lattice plane index and normal direction can be determined from the lattice stripe distance. The region shown in the dashed box in Figure 7c was enlarged in the inset. The Fast Fourier Transform (FFT) of this region was located in the upper left side, and the {111} and {220} lattice planes can be easily identified, which were in general agreement with the XRD results.



Fourier transform infrared (FTIR) spectroscopy was commonly performed to characterize the bonding structure of atoms and to measure radiation frequencies through the interaction of infrared radiation and matter. This method was applied in this work to detect the chemical bond composition in P-diamonds, as shown in Figure 8. The peak at 3442.3 cm−1 was mainly caused by the combined in-plane stretching vibration of the N-H and C-H groups in diamond [34,35]. The peak at 1635.9 cm−1 had been confirmed as a result of the in-plane bending vibration of the O-H groups in diamond grains [34]. The peaks at 1019.2, 1089.6, and 1166.7 cm−1 were attributed to the tetrahedral vibrations of the O-Si-C bond. Among them, the peaks at 1019.2 and 1166.7 cm−1 were caused by the bending deformation vibration of the O-Si-C bond within the base plane, while the peak at 1089.6 cm−1 was induced by the stretching vibration of the O-Si-C bond perpendicular to the base plane [35]. In addition, the peak at 798.4 cm−1 was related to the out-of-plane deformation of the sp2 hybridized C-H groups, while the peak at 577.6 cm−1 was thought to be due to the rotational lattice vibration of the -OH group [35]. The peaks at 414.3 and 399.67 cm−1 were associated with the out-of-plane bending vibrational deformation of the sp3 hybridized C-C bond.




3.4. Tribology and Grinding Properties of As-Deposited Spherical Diamond Grains


A typical tribological wear test was performed to examine the properties of diamond grains with the ball-disk friction machine. The as-deposited diamond grains (1% wt) and oleic acid dispersant (Oleamide, 3% wt) were incorporated into the base lubricant, which used a Poly-alpha-olefin (PAO10) with a viscosity of 67.02 cSt at 40 °C. The oil mixture was ultrasonically stirred at 50 °C for 30 min to ensure the dispersion of the diamond grains in the base lubricant. In the wear tests, the widely available materials GCr15 (HRC58) and Si3N4 (HRC92) were employed as friction pairs. In this case, the samples (surface size of 10 × 10 mm2) and balls (diameter of 4 mm) were used with the same materials and were performed for 2 h of tribological experiments at 600 rpm and 39.18 N (4kg). The diameters of the wear scars after the tests were observed with an optical microscope, and the four sets in friction experiments were named as GCr15, GCr15 with grains, Si3N4, and Si3N4 with grains, as shown in Table 2. In addition, the whole experimental procedure was repeated three times and the data obtained were averaged over the three experiments to ensure the reliability of the results.



Figure 9 shows the friction coefficient curves of the samples in the four sets of experiments. The average values of the friction coefficients of GCr15 with grains, GCr15, Si3N4 with grains, and Si3N4 were 0.0858, 0.0680, 0.0418 and 0.0387, respectively. According to the values obtained, the friction coefficients of all GCr15 materials were greater than those of the Si3N4 materials, indicating that the deposited diamond grains were more suitable for the Si3N4 ceramic materials in terms of friction and wear reduction applications. In addition, all the GCr15 materials showed a trend of decreasing friction coefficients after one hour of testing, and the GCr15 with grains exhibited more reduction. The Si3N4 with grains and Si3N4 exhibited close friction coefficients, with the former increasing by 8% compared to the latter. However, the two groups of experiments in Si3N4 materials still exhibited partially different trends in terms of friction coefficients. The friction coefficient of the Si3N4 set increased by about 0.01 after the friction experiment was conducted for 1 h. Moreover, the friction coefficient of the Si3N4 with grains remained invariant, which indicated that the diamond grains in the oil sample can prevent the friction coefficient from increasing. It was notable that the values of friction coefficients of the four samples were relatively constant after about 4000 s, which was probably due to the protective effect of the oil film gradually formed by the lubricant on the surface after a long period of friction experiment [2,3]. Meanwhile, the mixture of solid additives and liquid lubricants could also form a protective friction layer to reduce friction and wear.



The tribological properties of diamond grains were further evaluated using white light interferometry, and the 3D morphology and 2D profile of the wear grooves of GCr15 and Si3N4 materials after being examined are depicted in Figure 10 and Figure 11, respectively. The deep wear grooves can be clearly observed in the GCr15 with grains set, as seen in Figure 10a, whereas it was not apparent in GCr15 set, as shown in Figure 10b. The Ra of the wear surface of GCr15 with grains was 0.101 μm compared to 0.077 μm for GCr15 in Figure 11a, with an increase of 31.17% for GCr15 with grains set. In addition, the wear surface Ra of the Si3N4 with grains set was 0.065 μm, and the wear surface Ra of the Si3N4 set was 0.146 μm, as shown in Figure 11b. The surface roughness of the Si3N4 with grains set had been reduced by 124.62%, which might be caused by the low hardness of GCr15, resulting in the surface being plowed by diamond grains during the friction process. However, the Si3N4 ceramics were so hard that the diamond grains form a protective layer on the surface and replaces it during the friction process.





4. Conclusions


This work had mainly proposed a novel method for the preparation of spherical diamond grains and emphasized the application of the produced spherical diamonds in the field of tribology. The fabrication method employed a conventional HFCVD technique with Si3N4 powder as the substrate, which had avoided the performances of seed crystals or scratches for the substrate surface.



An impressive spherical diamond grain with a diameter of about 20 μm was observed in the surface morphology, which might be attributed to the inhomogeneous and discontinuous substrate. Since the substrate was fragmented by the Si3N4 powder, the diamond grains were grown with very low internal stresses measured by an analysis of Raman spectroscopy.



Finally, spherical diamond grains were used as the abradant to examine the tribological and grinding properties by the ball-disk wear tests. The results indicated that the Ra of GCr15 increased by 31.17% as compared to that without spherical diamond powder, while the Ra of Si3N4 had a considerable 124.62% reduction under the same condition. This indicates that the deposited diamond grains can be applied to the Si3N4 ceramic materials due to its reduction in friction and wear.
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Figure 1. The surface morphology of diamonds grown on (a) Si3N4 powder substrate (P-diamond) and (b) sintered insert (S-diamond). 
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Figure 2. The cross-sectional morphology of diamonds grown on (a) Si3N4 powder substrate and (b) sintered insert. 
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Figure 3. Growth processes when diamonds grown on (a) Si3N4 powder substrate and (b) sintered insert. 
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Figure 4. Raman spectrum of diamond grown on Si3N4 powder substrate and sintered insert. 
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Figure 5. Typical XRD pattern of spherical diamond grains. 






Figure 5. Typical XRD pattern of spherical diamond grains.



[image: Coatings 13 01735 g005]







[image: Coatings 13 01735 g006] 





Figure 6. XPS spectrum of spherical diamond grains: (a) C (1s) spectrum, (b) N (1s) spectrum and (c) Si (2p) spectrum. 
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Figure 7. (a) SEM and (b) TEM images of broken spherical diamond grains. (c) High resolution TEM image of region A in (b). The dashed area is enlarged for illustration and its FFT is shown on the upper left side. 
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Figure 8. FTIR spectrum of broken spherical diamond grains. 
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Figure 9. Friction coefficients of different pairs in the wear experiment. 
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Figure 10. White light images of (a) GCr15 with grains, (b) GCr15, (c) Si3N4 with grains, and (d) Si3N4 after wear. The red dashed line indicates the location of the captured 2D contour. 
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Figure 11. The optical micrographs of wear profiles of (a) GCr15 and (b) Si3N4 substrates after wear tests. 
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Table 1. Deposition parameters of diamond coatings.






Table 1. Deposition parameters of diamond coatings.





	Item
	Nucleation Stage
	Growth Stage





	CH4/H2 flow (sccm)
	10/240
	10/240



	Pressure (kPa)
	1.5–2.0
	4.5–5.0



	Bias current (A)
	4.0
	3.0



	Duration (h)
	1
	6










 





Table 2. Four sets tribological experiments.
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	Name of Sets
	Oil Samples





	GCr15
	PAO10



	GCr15 with grains
	PAO10 + 1% diamond grains + 3% OA



	Si3N4
	PAO10



	Si3N4 with grains
	PAO10 + 1% diamond grains + 3% OA
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