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Abstract

:

The preparation technology of graphene-based coatings on cobalt-based cemented carbides and the friction properties of graphene-based coatings were researched. Based on cooling rate, growth temperature, and methane flow rate, Raman spectroscopy was used to evaluate the influence of chemical vapor deposition (CVD) on graphene-based coatings. The results show that at the growth temperature of 1000 °C, the cooling rate of 15 °C/min and methane flow rate of 10 sccm are more favorable for the growth of pure graphene coating with fewer layers on a cemented carbide surface. As methane flow boosts, the number of graphene layers increases and amorphous carbon is generated. The resulting tribological properties demonstrate that the friction coefficient of graphene-based coatings decreases as the friction load increases. The above results indicate that the graphene-based coating on a cemented carbide surface can be prepared by regulating its composition and defects through technological parameters, and it is viable to use graphene-based coating as anti-wear coating for cutting tools. The results provide a reference for the preparation and properties of cemented carbide surface graphene.
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1. Introduction


The advent of coated cutting tools provides another way to resolve the abrasion resistance of cutting tools [1,2,3]. At present, the use of coated cutting tools has surpassed 50% in the field of machining [4]. Coated tools are divided into two categories: “hard” coated tools and “soft” coated tools, according to the classification of the properties of the tool coating materials [5]. A “Hard” coated tool is created by strengthening the hardness of the tool surface in a “hard” way to prolong the service life of the tool; the tool and workpiece friction process is still very acute. A “Soft” coated tool is created with the use of coating material that has antifriction properties to decrease the friction coefficient between the tool and the workpiece, reduce the friction action, and reduce the cutting force and cutting temperature [1,6,7,8]. An important factor in determining the performance of coated tools is the physical and chemical properties of the coating material. A coating material with an outstanding self-lubricating property effectively protects the tool matrix, avoids the rapid wear of the tool matrix, and enhances the service life of the tool [9,10,11].



The strongest material known is graphene, which has a stable structure, high toughness, large specific surface area, and special lamellar structure of multilayer graphene with excellent self-lubricating properties [12,13]. It is due to the excellent physical and chemical properties of graphene that it has been used in semiconductors [14,15], energy [16,17], functional coating [18], composite materials [19], aerospace [20], and other fields [21,22]. Consequently, graphene material possesses excellent physical and chemical properties as a tool coating material in the tool industry and has important practical significance and practical value [23,24,25].



Berman et al. investigated the impact of graphene-based ethanol solution on the tribological properties of steel and demonstrated that graphene-based ethanol solution reduced the wear of steel by four orders of magnitude and lowered the friction coefficient by one sixth [26]. It is proved that graphene plays an important role in wear resistance and wear reduction [23,27]. The mechanism of friction reduction is that graphene forms a protective film that is easy to shear at the friction interface [28]. Graphene coating was prepared on the surface of copper foil by the CVD method. Dry friction experiments indicate that the wear resistance of graphene coated Copper foil is substantially upgraded, and the failure time node of the coating is prolonged with the increase of deposition time of graphene [29,30]. Kim et al. prepared monolayer and multilayer graphene on Cu and Ni surface and transferred them to a SiO2/Si substrate surface by CVD [31]. Under the friction load of 5~70 mN, both graphene films can effectively reduce the friction of the SiO2/Si matrix when in antithesis with the quartz material, and the friction reduction effect of multilayer graphene film is better. In addition, the results revealed that the friction interface formed a large number of graphene transfer films that acted as a solid lubrication films. Jiang et al. prepared copper–graphite composite coatings on AISI 52,100 and found that the coatings sustained comparatively stable low coefficients of friction under conditions of strong vibration (3Hz, 5 Hz, 8 Hz, 10 Hz, 12 Hz, and 15 Hz) and large shocks (10.0 N, 15.5 N, 31.0 N, 46.5 N, 62.0 N, and 77.5 N) [32]. Huang et al. prepared graphene nanostructures containing 6.2 vol.% on a Ni3Al matrix, and when the applied load was increased from 3 N to 18 N, the coefficient of friction and wear rate of the surface were significantly reduced due to the presence of graphene [33].



Graphene has excellent physical and chemical properties as a tool coating material applied to the coated tool field, but the related research is lacking. Hence, this study intends to use CVD technology to prepare graphene-based coatings on cemented carbide tool surfaces, characterize the tribological properties of graphene-based coatings, and investigate the effects of load and process parameters on the friction reduction effect of graphene-based coatings.




2. Materials and Experimental Section


2.1. Materials and TBCs Preparation


In this research, the substrate material used for deposition coating is cemented carbide with 8 wt% cobalt content (YG8, Zhuzhou Cemented Carbide Group Co., Ltd., Zhuzhou, China), which is a φ 5 × 20 mm round rod, and the roughness of the end face of the round rod is Ra 3.2. The preparation process of the graphene-based coating is illustrated in Figure 1. Firstly, the substrate was cleaned by the ultrasonic method with ethanol and acetone for 10 min successively, and the surface of the substrate was blown dry with compressed air before being put into the crucible for use. Second, the crucible and matrix were put into the quartz tube of CVD and vacuumized. Then, 400 sccm of nitrogen was continuously pumped into the tube and the pressure in the quartz tube was maintained at 0.01~0.02 MPa. The temperature of the tubular furnace was elevated to the growth temperature. Then, CH4 was passed into the tubular furnace and the temperature maintained when the growth temperature of graphene was reached. Ultimately, the supply of methane was cut off at a certain rate. The microscopical laser Raman spectrometer (Renishaw (Shanghai) Trading Co., Ltd., Shanghai, China) was used to characterize the phase composition of graphene-based coatings and the number of graphene layers.




2.2. Friction Experiment


Friction experiments were carried out on a friction and wear testing machine (MMW-1 friction testing machine, Jinan Nair Testing Machine Co., Ltd., Jinan, China). The pin-disc friction form was used to test the friction properties of graphene-based coating tools prepared under various process parameters, as shown in Figure 2. For rubbing material, 45 steel common is selected in the market, and the end face of the ring is refined to guarantee that the roughness is Ra 3.2. The normal phase loads of friction experiments are 25 N, 50 N, 75 N, 100 N, and 125 N, respectively.



The morphology of the friction surface of the specimen was observed by using a Leica Digital Microscope DVM6 (Leica Microsystems GmbH, Wetzlar, Germany).





3. Results


3.1. Effect of Cooling Rate on Deposition of Graphene-Based Coatings


The carbon dissolving capacity of cobalt and nickel is 3.41% and 2.03% at 1000 °C, so according to the “carburizing and carbon precipitation mechanism”, the cooling rate will affect the composition of graphene-based coating. To this end, cooling rates were set at 15 °C/min, 25 °C/min, and 35 °C/min, respectively (shown in Table 1), to survey the deposition of graphene-based coatings on tungsten carbide by cooling rate.



The results of the Raman spectrum are shown in Figure 3. As can be seen from Figure 3, the particular G peak and 2D peak of Graphene are detected on the YG8-15, YG8-25, and YG8-35 samples, while the D peak reflecting graphene defects also occurs. Raman spectrum results are affected by many factors, so the intensity of 2D peak and D peak between each sample is not analogous. The peak strength ratio of peak D to peak G (ID/IG) explains the defect density of graphene generated. The higher the ID/IG value, the higher the defect density of graphene. Similarly, the peak strength ratio of G peak to 2D peak (IG/I2D) indicates the number of graphene layers, which can be calculated by the formula [34]:


     I G     I  2 D     = 0.14 +  n  10    



(1)




where, n is the number of layers of graphene. Therefore, the number of graphene layers increases with the increase of the IG/I2D value.



Figure 4 shows the ID/IG value and IG/I2D value of the three samples. The ID/IG value grows with the increase in the cooling rate, signaling that the increase in the cooling rate leads to an increase in the defect density of graphene films. The IG/I2D value reached the maximum when the cooling rate was 25 °C/min, and the IG/I2D value was basically the same when the cooling rate was 15 °C/min and 35 °C/min. The results show that YG8-25 has the most graphene layers.



Based on the above results, it can be observed that the graphene coating layers of the YG8-15 sample are narrow and the defect density is small. Although the carbon solubility of cobalt is superior to that of nickel at 1000 °C, there is not a linear relationship between the cooling rate and the graphene coating layers when preparing graphene from the YG8 matrix.




3.2. Effects of Growth Temperature on Deposition of Graphene-Based Coatings


The growth temperature mainly depends on the pyrolysis temperature of the carbon source. The pyrolysis temperature of methane is above 1100 °C without catalysis. In Section 3.1, the experiment shows that methane decomposes and produces graphene at 1000 °C. Consequently, growth temperatures of 900 °C, 950 °C, and 1000 °C are used to investigate their effects on graphene-based coatings, respectively. Table 2 illustrates the specific empirical parameters.



The results of the Raman spectrum are shown in Figure 5. The Raman results of YG8-900 and YG8-950 showed the presence of matrix peaks, and 2D peaks were not obvious. The Raman results of YG8-1000 showed the characteristics of graphene with few layers. This indicates that the pyrolysis capacity of methane is weak at 900 °C and 950 °C, and sufficient carbon atoms are not generated within 10 min to cover the substrate surface with graphene. Figure 6 shows the ID/IG and IG/I2D values of the three samples, respectively. The ID/IG value of YG8-900 and YG8-950 samples is much higher than that of YG8-1000 samples. The defect density of graphene generated at 900 °C and 950 °C is much higher than that of the YG8-1000 sample. The IG/I2D of the three samples were 1.28, 1.26, and 1.24, respectively, and the number of layers calculated by Formula (1) is about one layer.



Although tungsten carbide cobalt catalyzes the decomposition of methane, the growth temperature still affects the pyrolysis rate of methane and the defect content of the graphene coating. At the growth temperature of 1000 °C with small defect density and few layers, a graphene coating, which completely covers the substrate surface, is formed on the substrate surface of YG8.




3.3. Effect of Methane Flow on Deposition of Graphene-Based Coatings


Methane flow determines the amount of carbon source supplied per unit time during the growth of graphene, so methane flow affects the number of layers and defect content of graphene coating. As a consequence, the study analyzed the influence of methane flow on graphene growth by changing the methane flow rate. Table 3 lists the specific experimental parameters.



The Raman spectrum results of the coating under three methane flows are demonstrated in Figure 7. The 2D peak of the graphene characteristic peak is pronounced, and the intensity of the D peak is faint when the methane flow rate is 10 sccm. The intensity of the 2D peak declines and the Raman distinctive peak of CHx appears with the increase of methane flow, while the D peak increases. Figure 8 illustrates the ID/IG and IG/I2D values of graphene-based coatings as a function of methane flow. Methane flow rate plays an important role in the growth of graphene. At a moderate methane flow rate, graphene with low defects and fewer layers can be formed on the surface of YG8. The number of graphene layers increases as the methane flow augments, amorphous carbon appears, and defects increase in the graphene-based coating.




3.4. Tribological Properties of Graphene-Based Coatings


Graphene-based coatings prepared under various process parameters can be divided into two main categories: one is pure graphene coating with few layers, and the other is a dense hybrid coating of graphene and amorphous carbon, according to the research results in Section 3.1, Section 3.2 and Section 3.3. The graphene coating grown on the YG8 substrate gradually changed from a few layers of graphene coating to a mixture of graphene and amorphous carbon with the increase of methane flow, which is also the different types of graphene coating corresponding to YG8-10, YG8-20, and YG8-30 samples under the experimental parameters of the growth temperature of 1000 °C and cooling rate of 15 °C/min. Accordingly, samples YG8-10, YG8-20, and YG8-30 were selected for friction experiments to study the tribological properties of various graphene-based coatings under different loads. The specific preliminary planning is shown in Table 4 below.



YG8-10 is a graphene coating with few layers of amorphous carbon doping. Figure 9 indicates the variation of friction coefficient of YG8-10 with time under different loads. The friction coefficient fluctuates little at the initial stage of friction before 4 min (blue area in Figure 9). The friction coefficient fluctuates in different degrees between 4 and 10 min (yellow area in Figure 9), which is a transitional period. After 10 min (white area in Figure 9), the friction process tends to be steady, and the friction coefficient is comparatively stable. Figure 10 shows the curve of the mean frictional force and frictional load in the stabilized friction stage of the YG8-10 sample. As can be seen from Figure 10, with the enhancement of the friction load, the average friction force was lower as a whole.



The coating of the YG8-20 sample is a graphene-based coating mixed with graphene and amorphous carbon. Figure 11 shows the variation curve of the friction coefficient of YG8-20 over time under different loads. The law of initial friction and the transitional period is fundamentally the same as that of YG8-10. It is observed from Figure 12 that the average friction force growth trend of YG8-20 slowly slows down with the increase of the friction load, and even when the applied load is 125 N, the friction force is only 45.7 N.



The coating of sample YG8-30 is also a graphene-based coating with a blend of graphene and amorphous carbon, and the number of graphene layers is significant. Figure 13 shows the variation curve of the friction coefficient of sample YG8-30 under different loads. The rule is the same as that of YG8-10 and YG8-20. Figure 14 shows the curve of the mean value of the friction force altering the friction load in the stable friction phase of the YG8-30 sample. The growth trend of the average friction force of YG8-30 progressively slows down with the increase of the friction load, but its variation range is smaller than that of YG8-10 and YG8-20.



Figure 15 shows the surfaces of uncoated (YG8)/coated (YG8-10) carbide round rods after friction at 100 N pressure, respectively. A large number of built-up edges are formed at the edge of the friction surface of the uncoated carbide round rod (Figure 15a), causing the friction surface to undulate over 66 microns (Figure 15b). However, a small amount of built-up edges are formed on the friction surface of the coated carbide round rod (Figure 15c), and the friction surface fluctuation is about 12 microns (Figure 15d). A large number of graphene transfer films are formed by graphene-based coatings at the undulated parts of the friction surface, and these graphene transfer films act as solid lubricating films, as shown in Figure 15c.





4. Discussion


In this research, three process parameters of the graphene-based coating prepared by CVD were taken as variables to investigate their effects on the composition of the graphene-based coating. On the surface of YG8 cemented carbides, a few layers of graphene coating and a mixture of graphene and amorphous carbon can be grown. Ni, Cu, Co, and other metallic materials can all play a catalytic role in the catalytic cracking of carbon sources of hydrocarbon gases. In addition to the subtle differences in catalytic capacity between substrates, the differences in carbon solubility of numerous metal substrates at high temperature will have an important impact on the growth process and mechanism of graphene. According to the difference in the amount of carbon dispersed in the metal matrix at a high temperature, the current growth mechanisms of graphene predominantly incorporate “carburizing and carbon precipitation mechanism” and the surface diffusion growth mechanism. On the surface of nickel and copper, the mechanisms of “carburizing and carbon precipitation” and the mechanism of “surface diffusion growth” are the primary mechanisms. On the surface of cobalt, the growth mechanism of graphene is mainly surface diffusion growth, and the mechanism of “carburizing and carbon precipitation” is the secondary mechanism. The growth mechanism of graphene on the substrate surface of YG8 cemented carbides is similar to that of Co, which is dominated by surface diffusion and supplemented by carburization [35].



Diverse substrates determine the different generation mechanisms of graphene, and different carbon sources determine the minimum growth temperature required for the preparation of graphene, while the growth conditions (growth temperature, cooling rate, and carbon source content, etc.) will have a tremendous impact on the quality of graphene. The cooling rate only has an essential influence on the growth process of carburizing and carbon evolution. During cooling, the amount of carbon dissolved in the matrix decreases, and carbon atoms are precipitated from the metal due to supersaturation, and graphene is grown on the surface of the matrix. Studies indicate that excessive cooling is not conducive to the precipitation of carbon atoms and affects the growth of graphene. Hence, graphene with uniform layers and low defect density can only be grown under the premise of an appropriate cooling rate. This conclusion is the same as the research results of Liu [36] et al.



The growth temperature largely depends on the lowest decomposition temperature of the carbon source. Graphene cannot be prepared if the growth temperature is lower than the decomposition temperature of the carbon source. When the growth temperature is higher than the decomposition temperature of the carbon source, the quality (layer number and defect density) of graphene will still be affected by different temperatures. Our experimental results demonstrate that when the temperature is elevated higher than 900 °C, graphene starts to appear on the surface of YG8, and as the temperature raises, the monolayer characteristics of graphene become more obvious and the defects progressively decrease. This is similar to the growth of graphene on a Cu surface [37], which also indirectly proves that the growth of graphene on the YG8 surface contains surface diffusion at least.



Carbon source content refers to the total amount of carbon sources involved in the growth of graphene. Gaseous carbon source content is related to the growth time and gas flow rate. If the growth time is long and the gas flow rate is large, the total amount of carbon sources involved in the reaction will be more. Fewer carbon sources provide enough carbon atoms to produce graphene, which, in turn, increases the number of layers and defects.



The graphene-based coating can effectively reduce the friction of YG8/45 steel when paired with YG8 material at a friction load of 25 N~125 N, and the multilayer graphene-amorphous carbon hybrid coating has a better wear reduction effect at a large load. Graphene, as a carbon nanomaterial, is the smallest structural unit of carbonaceous solid lubricating materials (graphite and carbon nanotubes). Although there are few studies on the tribological properties of graphene under large loads, the tribological properties of graphene under tiny loads are similar to those under large loads. Kim [31] et al. not only found that the tribological performance of multilayer graphene was better than that of single-layer graphene, but also discovered that the friction interface formed a large number of graphene transfer films, which acted as a solid lubrication film.



Although graphene-based coatings were successfully prepared on the surface of YG8 cemented carbides in this survey, there are still many technological parameters that affect the preparation of graphene-based coatings, such as growth time, type of carbon source, and growth pressure. Further experiments are required to apply the coating to reduce tool wear. From the above perspective, the following work needs to be done in future research:




	
Research the effects of growth time, type of carbon source, and growth pressure on the preparation of graphene-based coatings.



	
Try to decrease the growth temperature of graphene-based coating to reduce the influence of a high temperature environment on the mechanical properties of the cemented carbide matrix.



	
Study the bonding strength between graphene-based coating and the matrix.



	
Carry out experimental research on the actual cutting performance of graphene-based coated tools.









5. Conclusions


In this paper, the effects of cooling rate, growth temperature, and methane flow on the preparation of graphene-based coatings on cemented carbide surfaces were investigated, and the effects of friction loads on the tribological properties of graphene-based coatings were experimentally studied. The following conclusions can be highlighted from the present research:




	
The pure graphene coating with fewer layers on a cemented carbide surface is the best growth condition: the growth temperature was 1000 °C, the cooling rate was 15 °C/min, and the methane flow rate was 10 sccm.



	
An increase in the flow of methane would lead to an increase in the number of graphene layers, which would generate amorphous carbon.



	
The friction coefficient of the graphene coating is inversely proportional to the applied friction load.








This research can provide theoretical and experimental support for the controllable preparation and tribological properties of graphene-based coatings on cemented carbide surfaces. Although this research has a preliminary study on the tribological properties of graphene-based coatings, there is still a lot of work to be accomplished before the application of graphene-based coatings, such as the binding strength of graphene-based coatings, long-term friction properties, and so on.
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Figure 1. The graphene-based coating preparation process. 
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Figure 2. The pin-disc friction model. 
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Figure 3. The Raman spectra at different cooling rates. 
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Figure 4. The ID/IG, IG/I2D value at different cooling rates. 
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Figure 5. The Raman spectra at different growth temperatures. 
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Figure 6. The ID/IG, IG/I2D value at different growth temperatures. 
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Figure 7. The Raman spectra at different methane flows. 
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Figure 8. The ID/IG, IG/I2D value at different methane flows. 
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Figure 9. The curve of the friction coefficient of sample YG8-10 over time under various loads. 
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Figure 10. The curve of the mean frictional force and frictional load of sample YG8-10 (the points represent the frictional forces of the sample YG8-10 under different loads; the error value of the frictional force is shown in green; red indicates the shift curve between the load and frictional forces). 






Figure 10. The curve of the mean frictional force and frictional load of sample YG8-10 (the points represent the frictional forces of the sample YG8-10 under different loads; the error value of the frictional force is shown in green; red indicates the shift curve between the load and frictional forces).
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Figure 11. The curve of the friction coefficient of sample YG8-20 over time under various loads. 
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Figure 12. The curve of the mean frictional force and frictional load of sample YG8-20 (the points represent the frictional forces of the sample YG8-20 under different loads; the error value of the frictional force is shown in green; red indicates the shift curve between the load and frictional forces). 






Figure 12. The curve of the mean frictional force and frictional load of sample YG8-20 (the points represent the frictional forces of the sample YG8-20 under different loads; the error value of the frictional force is shown in green; red indicates the shift curve between the load and frictional forces).
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Figure 13. The curve of the friction coefficient of sample YG8-30 over time under various loads. 
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Figure 14. The curve of the mean frictional force and frictional load of sample YG8-30 (the points represent the frictional forces of the sample YG8-30 under different loads; the error value of the frictional force is shown in green; red indicates the shift curve between the load and frictional forces). 






Figure 14. The curve of the mean frictional force and frictional load of sample YG8-30 (the points represent the frictional forces of the sample YG8-30 under different loads; the error value of the frictional force is shown in green; red indicates the shift curve between the load and frictional forces).
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Figure 15. The surfaces of uncoated (YG8)/coated (YG8-10) carbide round rods after friction at 100 N pressure. (a) A large number of built-up edges are formed at the edge of the friction surface of the uncoated carbide round rod; (b) the friction surface; (c) a small amount of built-up edges are formed on the friction surface of the coated carbide round rod; (d) the friction surface fluctuation. 
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Table 1. The process parameters based on cooling rate.
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	Sample Number
	Matrix Model
	Methane Flow (sccm)
	Argon Flow (sccm)
	Growth Temperature (°C)
	Growth Time (min)
	Cooling

Rate (°C/min)





	YG8–15
	YG8
	10
	400
	1000
	10
	15



	YG8–25
	YG8
	10
	400
	1000
	10
	25



	YG8–35
	YG8
	10
	400
	1000
	10
	35
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Table 2. The process parameters based on growth temperature.
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	Sample Number
	Matrix Model
	Methane Flow (sccm)
	Argon Flow (sccm)
	Growth Temperature (°C)
	Growth Time (min)
	Cooling Rate (°C/min)





	YG8–900
	YG8
	10
	400
	900
	10
	15



	YG8–950
	YG8
	10
	400
	950
	10
	15



	YG8–1000
	YG8
	10
	400
	1000
	10
	15
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Table 3. The process parameters based on methane flow.
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	Sample Number
	Matrix Model
	Methane Flow (sccm)
	Argon Flow (sccm)
	Growth Temperature (°C)
	Growth Time (min)
	Cooling Rate (°C/min)





	YG8–10
	YG8
	10
	400
	1000
	10
	15



	YG8–20
	YG8
	20
	400
	1000
	10
	15



	YG8–30
	YG8
	30
	400
	1000
	10
	15
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Table 4. The process parameters of friction samples.






Table 4. The process parameters of friction samples.





	Sample Number
	Methane Flow (sccm)
	Argon Flow (sccm)
	Growth Temperature (°C)
	Growth Time (min)
	Cooling Rate (°C/min)





	YG8–10
	10
	400
	1000
	10
	15



	YG8–20
	20
	400
	1000
	10
	15



	YG8–30
	30
	400
	1000
	10
	15
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