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Abstract

:

Sports are becoming an important part of everyday life. In this study, an excellent Ni-SiC nanocomposite was prepared on the dumbbell surface using the pulse electrodeposition (PE) method to improve the durability of sports equipment and prevent sports injuries. Transmission electron microscopy (TEM), scanning electron microscopy (SEM), abrasion testing, triboindentry, and X-ray diffraction (XRD) were used to evaluate the impact of plating conditions upon the microhardness, microstructure, morphology, and wear behavior of the fabricated coatings. The obtained results showed that several SiC and TiN nanoparticles were incorporated into Ni/TiN-SiC nanocomposites obtained at 4 A/dm2. SiC and TiN nanoparticles had mean diameters of 37.5 and 45.6 nm, respectively. The Ni/TiN-SiC nanocomposite produced at 4 A/dm2 showed an excellent mean microhardness value of 848.5 HV, compared to the nanocomposites produced at 2 and 6 A/dm2. The rate of wear for Ni/TiN-SiC nanocomposite produced at 4 A/dm2 was 13.8 mg/min, demonstrating outstanding wearing resistance. Hence, it has been suggested that the Ni/TiN-SiC nanocomposite can effectively reduce sports injuries.
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1. Introduction


Sports have now become an integral element of human life. However, at the same time, the number of injuries caused by sports accidents during physical activities has risen dramatically [1,2,3]. Sports injuries can be minimized by using the proper equipment and keeping it in good condition. Hence, an excellent coating material can be used to cover the surface of sports equipment to prevent sports injuries and improve the durability of the equipment [4,5,6]. Nickel-based ceramic nanoparticle coating (NBCNC), a nanomaterial for enhancing the wear and corrosion resistance of sports equipment, is one of the most suitable and protective composite coatings for this equipment [7]. NBCNC also exhibited a high level of slip resistance, which is advantageous in decreasing sports injuries caused by hand slipping.



NBCNCs can be deposited in several different ways; electrodeposition, electroless plating, and brush plating are just a few of them. Electrodeposition methods provide several advantages over electroless and brush plating, including faster deposition speeds, lower costs, lesser electrode losses, and no restrictions on reinforcing particles [8,9,10,11]. Xu and colleagues [12] employed co-electrodeposition for the fabrication of SiC-Ni composites. Their findings indicated that the crystal size of the SiC-Ni coating was less than that of the monolayer Ni coating. The microstructure and characteristics of electrodeposited Ni-Mo/Al2O3 nanocomposites were investigated in detail by Alizadeh et al. [13]. They discovered that the nanocomposites had a considerable number of Al2O3 nanoparticles that were uniformly implanted. There are two types of electrodeposition processes: pulse current electrodeposition (PCE) and direct current electrodeposition (DCE) [14,15]. Lee and colleagues [16] reported the successful prefabrication of boron nitride reinforced Ni-W nanocomposites through the PCE approach. PCE, in comparison with DCE, has been used in the chemical, military, mechanical, and petroleum industries due to its lower porosity and internal stress, increased plating rates, and refined matrix grains.



Ni/TiN-SiC nanocomposite is an NBCNC, comprising Ni grains, SiC, and TiN nanoparticles. SiC and TiN nanoparticles are high-performance inorganic ceramic materials. TiN nanoparticles, in particular, exhibit exceptional hardness and strength, as well as good resistance to corrosion and wear. As a result, TiN nanoparticles have been used as a reinforcing phase in the fabrication of coatings with superior physical and chemical attributes [17,18]. SiC nanoparticles, on the other hand, are more thermally stable, have a better slip and wear resistance, and have a high microhardness [19]. Several reports describing the deposition of Ni-TiN, Ni-SiC, and Cu-SiC coatings using PCE and DCE procedures have appeared recently. However, the PCE method for depositing Ni/TiN-SiC nanocomposites has only been investigated in a few studies. Thus, Ni/TiN-SiC nanocomposites were formed on sports equipment samples using PCE deposition to improve the composites’ physical and chemical properties to minimize sports injuries. Furthermore, we conducted an extensive examination to determine the effect of plating parameters on the microstructure, morphology, microhardness, and wear behavior of Ni/TiN-SiC nanocomposites generated by PCE.




2. Experiment


Ni/TiN-SiC nanocomposites were synthesized on dumbbell samples using the PCE method using a modified plating solution comprising 28 g/L NiCl2, 195 g/L NiSO4, 28 g/L H3BO3, 70 mg/L cetyltrimethyl ammonium, 8 g/L TiN nanoparticles, and 8 g/L SiC nanoparticles. The diameters of SiC and TiN nanoparticles range from 30 to 40 nm. The anode was a pure nickel plate (120 mm × 40 mm × 20 mm), while a specimen of sporting equipment (Φ30 mm × 120 mm) served as the cathode. Between the two electrodes, a spacing of 180 mm was maintained. Figure 1 illustrates the experimental equipment used to synthesize Ni/TiN-SiC nanocomposites. The pulse current source (SMD-200, Handan Electroplating Factory, Handan, China), heating device, ultrasonic agitator (XIL-500, Beijing Xili Technology Co., LTD., Beijing, China), and plating bath were all included in the device. Pulse current densities of 2, 4, and 6 A/dm2 were generated using a pulse current generator with a duty cycle of 40%. A heating system was used to maintain the plating solution at 45 °C. The ultrasonic agitator was used to maintain a uniform suspension of disseminated SiC and TiN nanoparticles within the solution of plating. The plating solution was adjusted to a pH of 4.7 by adding either sodium hydroxide (12 wt.%) or hydrochloric acid (15 vol.%), and the plating time was set to 40 min. The plating time was determined based on our previous study [7].



Scanning electron microscopy (SEM, S3400, Hitachi High-Tech Co., LTD., Tokyo, Japan) and IE-300X type energy dispersive spectroscopy (EDS) were used to study the morphological structures and cross-sections of the prepared Ni/TiN-SiC nanocomposites. The microstructures of Ni/TiN-SiC nanocomposites were surveyed via a Tecnai-G2-20 type transmission electron microscopy (TEM, FEI Co., LTD., Hillsboro, OR, USA). Firstly, the Ni/TiN-SiC samples were polished by using a PSY8120 type polishing machine (Suzhou Shengya Machinery Co., LTD., Suzhou, China), and then the samples were reduced by using a CSC-2000 type ion thinning meter (Shanghai Hezao Machinery Co., LTD., Shanghai, China). The main parameters of the TEM are as follows: acceleration voltage 200~300 kV, point resolution 0.2 nm, linear resolution 0.102 nm, and magnification 60~1000 k. Rigaku D/Max-2400 X-ray diffraction (XRD, Rigaku Co., LTD., Tokyo, Japan) with the radiation of Cu-Kα (k = 1.54 nm) was carried out for determining the quantitative phase composition. The nanohardness of Ni/TiN-SiC nanocomposites was determined using a TI-950 triboindenter (Berkovich indenter, Bruker Co., LTD., Billerica, MA, USA) with a force of loading of about 1000 μN for 10 s. The MRH-6 abrasion tester was used to conduct friction and wear experiments on Ni/TiN-SiC nanocomposites to evaluate their wear parameters. To accomplish this, a hardened steel barrel (GC15) was slid across a nanocomposite surface at a constant speed of 0.1 m/s and 5 N applied load at room temperature. SEM was used to examine the worn surface morphologies of the Ni/TiN-SiC nanocomposites following 30 min of wear testing. The friction coefficient of the nanocomposite was acquired from the data collected via the abrasion tester. The wear rate of individual nanocomposite (V) was determined using Equation (1):


  V =    M 1 − M 2  L    



(1)







Herein, M1 and M2 are the masses of individual samples before and after each wear test, respectively. The mass was determined using a lab balance. The sliding length of the hardened steel balls used in wear tests is indicated by the letter L.




3. Results and Discussion


3.1. SiC and TiN Nanoparticles


The morphological structures of the nanoparticles of SiC and TiN are shown in Figure 2. SiC and TiN nanoparticles were individually poured into an ethanol solution. Additionally, then they were dropped on a glass sheet. After a drying treatment, the glass sheets were tested by the TEM. Using the Nano Measurer 1.2 software, ten distinct SiC and TiN nanoparticles were measured, as shown in Figure 2a,b, respectively. According to the findings, the average diameters of SiC and TiN nanoparticles were 35 and 40 nm, respectively. These nanoparticles tend to agglomerate due to their surface effects. Additionally, in the microregions, regular crystal formations were manifested by SiC and TiN nanoparticles.




3.2. SEM Analysis


The SEM-based surface morphological features of Ni/TiN-SiC nanocomposites synthesized at pulse current densities of 2, 4, and 6 A/dm2, as shown in Figure 3a–c. Figure 3a’–c’ represents the corresponding Ni/TiN-SiC nanocomposites in terms of their cross-section morphologies. The pulse current density has a significant influence on the surface morphologies of Ni/TiN-SiC nanocomposites. At a density of 2 A/dm2, a Ni/TiN-SiC coating developed many large granular formations with an uneven and rough structure. SEM observations revealed Ni/TiN-SiC nanocomposites with smooth, homogeneous, and finer surface morphologies at an elevated pulse current density of 4 A/dm2. However, at 6 A/dm2 pulse current density, the grain sizes of Ni/TiN-SiC nanocomposites grew larger in comparison to those produced at 4 A/dm2. Sajjadnejad and coworkers [20] stated that electroplating parameters, for instance duty cycle, pulse current density, and pulse frequency, are capable of influencing the microstructures of nickel-based coatings. According to their results, pulse current density can effectively refine grain size. However, an excessive pulse current density (e.g., 6 A/dm2) resulted in a significant amount of hydrogen being produced on the cathode surface, which prevented the deposition of SiC and TiN nanoparticles on the coating surface. The underlined process resulted in a rapid growth rate of nickel grains in the coatings. Additionally, an increment in the pulse current density from 2 to 6 A/dm2, resulted in an increase in the thickness of Ni/TiN-SiC nanocomposites from 46.6 to 58.5 μm (Figure 3a’–c’), illustrating the influence of pulse current density upon the rate of deposition for the whole nanocomposite [21].




3.3. TEM


Figure 4 demonstrates the micrographs of TEM for Ni/TiN-SiC nanocomposites generated as a function of diverse pulse current densities. In Figure 4a–c, the black parts depict SiC and TiN nanoparticles, while nickel grains are depicted by the white regions. Some SiC and TiN nanoparticles were observed on the Ni/TiN-SiC nanocomposite deposited at 2 A/dm2, whereas multiple SiC and TiN nanoparticles were incorporated at 4 A/dm2. SiC and TiN nanoparticles were found to have average sizes of 45.6 and 37.5 nm, respectively. This could presumably be a consequence of the moderate pulse current density, resulting in a large number of SiC and TiN nanoparticles embedded into the Ni/TiN-SiC nanocomposite. This result produced an effective inhibition of the growth of nickel grains. Nevertheless, the Ni/TiN-SiC nanocomposite deposited at 6 A/dm2 processed comparatively large nickel grains with a small amount of SiC and TiN nanoparticles. The reason for this can be explained by the fact that the high pulse current density produced a large amount of hydrogen on the cathode surface, limiting the deposition of SiC and TiN nanoparticles on the coating surface. As a result, the nickel granules in the coatings expanded rapidly, but the SiC and TiN content remained low.




3.4. Codeposition Mechanism


The co-deposition of Ni ions, SiC, and TiN nanoparticles in the PCE is indicated in Figure 5, which is consistent with Guglielmi’s hypothesis. The Ni ions present in the plating solution initially adsorb onto the surfaces of SiC and TiN nanoparticles. Following that, several ion clouds formed and suspended themselves within the bath. The nickel ions, SiC, and TiN nanoparticles migrated toward the cathode surface under the influence of the electric field force (F). Simultaneously, hydrogen formed on the cathode’s surface. SiC and TiN nanoparticles were able to penetrate both the hydrogen evolution layer and the electric double layer and co-deposit on the cathode surface with Ni grains. With increasing deposition time, large numbers of nickel grains completely encapsulated SiC and TiN nanoparticles, resulting in the formation of the Ni/TiN-SiC nanocomposite.



Pulse current density also had a significant effect on the distribution and amount of SiC and TiN nanoparticles embedded in Ni/TiN-SiC nanocomposites [22]. Equation (2) revealed the link between pulse current density and electric field force.


  F =    I × q  σ    



(2)







Herein, the I represents pulse current density, q denotes the ion charge, and σ represents the conductivity of the solution.



The influence of electric field forces on SiC and TiN nanoparticles in the course of PCE deposition of Ni/TiN-SiC nanocomposites was not noticeable at lower pulse current densities (e.g., 2 A/dm2), resulting in rather limited incorporation of SiC and TiN nanoparticles within the coating. As a result, SiC and TiN nanoparticles did not affect nickel grain growth, allowing for unfettered nickel grain growth and the creation of multiple nickel grains with an average size of 96.4 nm (see Figure 4a).



Appropriate pulse current densities (e.g., 4 A/dm2), on the other hand, can significantly accelerate the rates of SiC and TiN nanoparticles towards the cathode, resulting in significant SiC and TiN nanoparticle incorporation into Ni/TiN-SiC nanocomposite. As a result, TiN and SiC nanoparticles provided a large number of nuclei for Ni grain formation while limiting Ni grain growth, resulting in uniform, smooth, and fine morphologies for Ni/TiN-SiC nanocomposites. The average size of nickel grains was ~74.3 nm, and the amounts of TiN and SiC nanoparticles in the nanocoating were 7.23 and 4.39 wt.%, as shown in Figure 4b. Furthermore, with a pulse current density of 6 A/dm2, considerable numbers of hydrogen bubbles form at the cathode’s surface, increasing the thickness of the layer of hydrogen formation. As a result, the deposition of SiC and TiN nanoparticles upon the surface of the cathode was hampered, resulting in a lower concentration of embedded SiC and TiN nanoparticles within Ni/TiN-SiC nanocomposites. Nickel granules’ inhibitory action was also reduced, resulting in a larger grain size of 82.7 nm (see Figure 4c).




3.5. Phase Structure


Figure 6 illustrates the patterns of XRD for Ni/TiN-SiC nanocomposites fabricated at various pulse current densities. All the Ni/TiN-SiC nanocomposites achieved at 2 A/dm2, 4 A/dm2, and 6 A/dm2 showed the existence of Ni, SiC, and TiN phases. For Ni grains, a set of three strong diffraction peaks were seen at 44.8°, 52.2°, and 76.7°, corresponding to (1 1 1), (2 0 0), and (2 2 0) planes, respectively. This result indicated that the Ni phase was face-centered cubic, which would be typical for Ni. Three strong diffractions at 34.1°, 41.6°, and 59.7° were detected in the case of SiC nanoparticles and were ascribed to the (1 1 1), (2 0 0), and (2 2 0) planes, respectively. Three significant diffraction patterns were seen for TiN nanoparticles at 36.6°, 42.6°, and 61.8°, which were attributed to the (1 1 1), (2 0 0), and (2 2 0) planes, respectively.




3.6. Microhardness Assessment


Figure 7 shows the impact of pulse current density upon the microhardness of the deposited Ni/TiN-SiC nanocomposites. The Ni/TiN-SiC nanocomposites were cut using a DK775 type electrical discharge cutting machine (Changfeng Cutting Machine Co., LTD., Taizhou, Jiangsu, China). Following that, the samples were polished with a polishing machine. The triboindenter was used to determine the microhardness of the coating over the sample’s cross-section. The Ni/TiN-SiC nanocomposite deposited at 4 A/dm2 had the highest microhardness of all the nanocomposites, with a mean microhardness of 848.5 HV. In comparison, the average microhardness of the Ni/TiN-SiC nanocomposite produced at 2 A/dm2 was only 698.7 HV. However, the Ni/TiN-SiC nanocomposite obtained at 6 A/dm2 has an average microhardness of 801.2 HV. According to previously reported studies [23,24], the microhardness of metal-based composites should be determined not only by the amount of SiC and TiN nanoparticles, but also by their distribution within the coating. SiC and TiN nanoparticles were abundant and distributed uniformly in Ni/TiN-SiC nanocomposites produced at 4 A/dm2, resulting in high microhardness and a dispersion-hardening effect. Furthermore, SiC and TiN nanoparticles each had individual microhardness values, enhancing the microhardness of the composites.




3.7. Wear Assessment


3.7.1. Wear Rate


Figure 8 illustrates the wear rates of Ni/TiN-SiC nanocomposites deposited at various pulse current densities. During wear testing, the wear rates were gathered each 5 min, and then every two points were interconnected with a straight line. The greatest rate of wear for a Ni/TiN-SiC nanocomposite produced at 2 A/dm2 was 27.1 mg/min, as shown in Figure 8a. Nonetheless, the rate of wear for a Ni/TiN-SiC nanocomposite formed at 4 A/dm2 was as low as 13.8 mg/min (see Figure 8b), illustrating the high wear resistance of Ni/TiN-SiC nanocomposites.




3.7.2. Worn Surface Morphology


The morphologies of the worn surface for Ni/TiN-SiC nanocomposites formed at various pulse current densities are shown in Figure 9. On the worn surfaces of Ni/TiN-SiC nanocomposite deposited at 2 A/dm2, numerous deep grooves and pits developed, revealing a nanocomposite surface with a substantial wear state. However, only slight scratches were visible on the nanocomposite surface when applied at 4 A/dm2, demonstrating greater wear resistance. On the other hand, pulse current densities of approximately 6 A/dm2 generated some large-scale grooves on the nanocomposite surface.




3.7.3. Friction Coefficient


Figure 10 shows the curves of the friction coefficient for Ni/TiN-SiC nanocomposites deposited at various pulse current densities. The friction coefficients of all Ni/TiN-SiC nanocomposites increased substantially for the first five minutes of the wear test. Among the three coatings, the composite formed at 2 A/dm2 processed the highest friction coefficient. As the uneven surface caused the steel barrel to vibrate violently up and down, the friction coefficient changed dramatically. When the wear period was increased from 5 to 30 min, the Ni/TiN-SiC nanocomposite formed at 4 A/dm2 had the lowest mean coefficient of friction of all three nanocomposites, around 0.48. The mean friction coefficient of the nanocomposite deposited at 2 A/dm2 was 0.77. The amount of SiC and TiN nanoparticles in the composite, as well as its microhardness, are the critical characteristics that govern the friction coefficient of Ni/TiN-SiC nanocomposites [25]. During wear tests, several SiC and TiN nanoparticles were detached from the nickel matrix as the nickel grains were worn out. This phenomenon was reported by Mousavian et al. [26]. The friction coefficient was lowered by changing the mode of friction between the steel barrel and the Ni/TiN-SiC nanocomposite from sliding to rolling.





3.8. Application


To reduce the above-mentioned sports injuries and improve the durability of sports equipment, the Ni/TiN-SiC nanocomposite obtained at 4 A/dm2 was prepared on the surface of a B20-1 type dumbbell, as shown in Figure 11. Figure 11a presents the dumbbell covered with many rusts (denoted as B20-1-A), and it was found that that the dumbbell’s grip had a coarse surface, making it easier to harm our hands. Figure 11b is the barbell coated with Ni/TiN-SiC nanocomposite on its handle (denoted as B20-1-B). It indicated a smooth and compact surface, which was conducive to reducing sports injuries.



To determine the application effect of the two dumbbells, we elevated them 20 times per day for a total of seven days. Table 1 summarizes the number of injuries.



The number of injuries occurred 51 times each week when we raised the B20-1-A dumbbell. The reason for this was that the rust on the surface of the B20-1-A dumbbell posed a risk of injury to our hands. However, when we raised the B20-1-B dumbbell, we experienced only two injuries each week as a result of an abrupt slide. In this view, the Ni/TiN-SiC nanocomposite has the potential to significantly minimize sports-related injuries.





4. Conclusions


(1) The SEM data revealed smooth, homogeneous, and fine surface morphological attributes of the Ni/TiN-SiC nanocomposites at a pulse current density of 4 A/dm2. While some TiN and SiC nanoparticles appeared in the Ni/TiN-SiC nanocomposite deposited at 2 A/dm2. Furthermore, the majority of SiC and TiN nanoparticles are integrated at 4 A/dm2. The mean diameters of SiC and TiN nanoparticles are 37.5 and 45.6 nm, respectively. However, at 6 A/dm2 pulse current density, the grain sizes of Ni/TiN-SiC nanocomposites grew larger in comparison to those produced at 4 A/dm2.



(2) In Ni/TiN-SiC nanocomposites produced at 2, 4, and 6 A/dm2, Ni, TiN, and SiC phases were all present. There were fewer SiC and TiN nanoparticles within the Ni/TiN-SiC nanocomposite synthesized at 2 A/dm2 in comparison to those fabricated at 4 A/dm2 and 6 A/dm2. However, with a pulse current density of 6 A/dm2, considerable numbers of hydrogen bubbles form at the cathode’s surface, increasing the thickness of the layer of hydrogen evolution. SiC and TiN nanoparticle deposition on the cathode surface was inhibited, resulting in a decreased concentration of embedded SiC and TiN nanoparticles within Ni/TiN-SiC nanocomposites.



(3) With a mean microhardness of 848.5 HV, the Ni/TiN-SiC nanocomposite deposited at a current density of 4 A/dm2 had the highest microhardness of the nanocomposites. In comparison, Ni/TiN-SiC nanocomposite produced at 2 A/dm2 manifested a mean microhardness as low as 698.7 HV. However, the Ni/TiN-SiC nanocomposite obtained at 6 A/dm2 processed an average microhardness of 801.2 HV.



(4) The Ni/TiN-SiC nanocomposite generated at 4 A/dm2 had a wear rate as low as 13.8 mg/min, demonstrating good wear resistance. Furthermore, the Ni/TiN-SiC nanocomposite prepared at 4 A/dm2 had the lowest value of mean friction coefficient (0.48). The nanocomposite deposited at a current density of 2 A/dm2 exhibited the largest value of the mean coefficient of friction, with a value equivalent to 0.77.



(5) It was found that when we lifted the B20-1-A dumbbell, 51 injuries occurred per week. However, when we raised the B20-1-B dumbbell, we saw only two injuries each week as a result of an abrupt slide. As a result, the Ni/TiN-SiC nanocomposite has the potential to significantly minimize sports-related injuries.
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Figure 1. Experimental set-up for fabrication of Ni/TiN-SiC nanocoatings. 
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Figure 2. TEM micrographs for the products: (a) TiN, and (b) SiC nanoparticles. 
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Figure 3. SEM micrographs of Ni/TiN-SiC nanocomposites fabricated by employing various pulse current densities: (a) and (a’) 2 A/dm2, (b) and (b’) 4 A/dm2, and (c) and (c’) 6 A/dm2. 
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Figure 4. Micrographs of TEM for Ni/TiN-SiC nanocomposites fabricated using various current densities: (a) 2 A/dm2, (b) 4 A/dm2, and (c) 6 A/dm2. 
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Figure 5. The mechanism of co-deposition for the nickel irons, SiC, and TiN nanoparticles. 
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Figure 6. XRD patterns for Ni/TiN-SiC nanocomposites prepared using diverse pulse current densities: (a) 2 A/dm2, (b) 4 A/dm2, and (c) 6 A/dm2. 
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Figure 7. Influence of pulse current density on microhardness for Ni/TiN-SiC nanocomposites. (a) Composite obtained at 2 A/dm2, (b) Composite obtained at 4 A/dm2, and (c) Composite obtained at 6 A/dm2. 
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Figure 8. Wear rates of Ni/TiN-SiC nanocomposites generated with diverse pulse current densities: (a) 2 A/dm2, (b) 4 A/dm2, and (c) 6 A/dm2. 
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Figure 9. Micrographs of SEM for the worn surfaces of Ni/TiN-SiC nanocomposites generated using various pulse current densities: (a) 2 A/dm2, (b) 4 A/dm2, and (c) 6 A/dm2. 
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Figure 10. Coefficients of friction for Ni/TiN-SiC nanocomposites generated with diverse pulse current densities: (a) 2 A/dm2, (b) 4 A/dm2, and (c) 6 A/dm2. 
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Figure 11. Images of the B20-1-A (a) and B20-1-B (b) dumbbells. 
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Table 1. The number of injuries for B20-1-A and B20-1-B dumbbells during this experiment.
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	Day
	Number of Injuries (B20-1-A)
	Number of Injuries (B20-1-B)





	1
	11
	0



	2
	9
	1



	3
	7
	0



	4
	7
	0



	5
	6
	1



	6
	5
	0



	7
	6
	0



	Total
	51
	2
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