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Abstract

:

CrAlN and CrAlBN coatings were prepared on the surface of high-speed steel and shaper cutter by physical vapor deposition (PVD) technique using arc ion source. In the process of coating preparation, the adhesive layers were deposited by low bias voltage (−40 V) and the working layers are deposited by high bias voltage (−130 V). The effects of the addition of B element on the microstructure, hardness, elastic modulus and wear resistance of CrAlBN coating were studied. The results show that B element and its compounds exist in amorphous form in the coating, resulting in lattice distortion of the coating, increase of coating hardness to 37.1 GPa, and decrease of elastic modulus to 406.2 GPa. The addition of B element increases the uniformity of the columnar structure distribution and decreases the width of the columnar structure and grain size. The resistance to elastic deformation and plastic deformation of CrAlBN coating is improved, the wear resistance is improved. The performance of CrAlN and CrAlBN coatings on shaper cutter was studied. It was found that the main failure mode of shaper cutters is boundary wear and the wear mechanism of coatings had changed obviously. CrAlBN coating is mainly due to fatigue induced failure, accompanied by some diffusion wear. The addition of B element makes the CrAlBN coating have excellent resistance to oxidative wear, abrasive wear and diffusion wear during cutting. The results show that the addition of B element can improve the microstructure and mechanical properties of CrAlN coating, and the preparation of CrAlBN coating on the surface of the shaper cutter can significantly improve the service life of the coated shaper cutter, which has significance for the development of the shaper cutter industry.
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1. Introduction


Due to the advantages of large transmission ratio and strong carrying capacity, planetary gear is widely used in aerospace, automobiles, wind turbines, heavy trucks and other heavy industry fields [1,2]. The shaper cutter is used to process internal gears, and the pinion shaper cutter can also be used to manufacture involute cylindrical gears [3]. Because the accuracy and service life of the tool directly affect the manufacturing cost and productivity of the gear production, with the gear production industry’s requirements for high productivity and low manufacturing costs are getting higher and higher, improving the manufacturing accuracy and service life of the shaper cutter has attracted widespread attention. In the process of design, manufacture and use of shaper cutters, a series of methods such as tooth profile correction [4,5,6,7,8,9,10], tool changing materials [11,12,13] and online monitoring [14] are often used to improve the life of the tool and the accuracy of the gear. Because the shaper cutter works in an intermittent cutting mode, it will produce certain wear on the cutting edge under the action of high load during the cutting process, thus affecting the production efficiency and the surface quality of the gear [15]. In addition, there will be a certain amount of heat generated in the cutting process [16], so the high temperature stability of the tool is very important.



As a kind of tool steel, high-speed steel (HSS) has been widely used in gear tool industry. Worn cutting edges affect the quality of machining and finished surfaces and can lead to reduced productivity and increased production costs. One of the methods used in industry to reduce tool wear and increase tool life and productivity is to apply a hard coating [17] to the surface of the cutting tool. Physical vapor deposition (PVD) is one of the most widely used coating methods. PVD technology can prepare high hardness, high wear resistance and high temperature resistance coating on HSS surface. A. B. O. dos Santos et al. [18] deposited TiAlN and TiN coatings on the surface of PM-HSS hobs using PVD technology and studied the failure mechanism of coated tools. It is found that a TiAlN coated gear tool has better wear resistance and tool life than a TiN coated gear tool because of its higher wear resistance, hardness and nano-laminar structure. V. Kuzin et al. [19] deposited (Nb-Ti-Al-V) N coating on the surface of PM-HSS broach and shaper cutter by ion nitriding and composite coating technology and found that the wear resistance of the two tools after treatment was twice that of the untreated tools.



Compared with AlTiN coating, CrAlN has good impact wear resistance and wear resistance [20] and high temperature corrosion resistance [21]. CrAlN coating is one of the most widely used tool coating materials with high hardness, good wear resistance and high temperature oxidation resistance [22,23,24,25,26]. Compared with CrN coating, Cr1−xAlxN coating has a cubic structure, which means Cr1−xAlxN coating has good mechanical properties, thermal stability and oxidation resistance [27,28,29,30]. In the process of cutting the tool, the cutting edge of the tool will produce high temperatures. Under the action of high temperature (900 °C), the CrAlN coating decomposes and AlN precipitates [31]. After the precipitation of AlN, the Cr-N bond of the remaining part of the coating is unstable, which promotes the loss of N and leads to the formation of Cr2N, which is further reduced to Cr [22] through the loss of N, reducing the mechanical properties of the coating.



The addition of B element makes CrAlBN have good oxidation resistance, and improves the microstructure, mechanical properties and wear properties of the coating [32,33,34,35,36,37,38]. C. Hu et al. [39] found that the addition of B element inhibited the thermal decomposition process of CrAlN coating and effectively improved the oxidation resistance of CrAlN coating. Chen et al. [40] deposited the CrAlBN coatings on Ti6Al4V alloy. Chemical compositions, phase structures, surface and cross-sectional microstructures, mechanical and tribological properties of these coated samples were systematically studied, and further showed the strengthening mechanism caused by B addition. Cai et al. [41] investigated the microstructure evolution of CrAlBN coatings with different B content, studied the effect of structure evolution on the hardness and toughness, and discussed the tribological behavior and the formation of friction oxides.



In this work, in order to characterize the service behavior of coated shaper cutters, CrAlN coating with good toughness [42] was selected as the contrast coating the B element added into the CrAlN coating. The CrAlN and CrAlBN coatings were deposited on specimens (high-speed steel) and shaper cutters by PVD technique using arc ion source using low bias voltage deposition adhesion layer, and the high bias voltage deposition working layer. Phase structures, cross-sectional microstructures, and mechanical properties of these coated samples were systematically studied. The service behavior of coating on shaper cutters was also studied.




2. Experimental Procedures


2.1. Coating Deposition


Figure 1 shows the structure diagram of the production-type arc ion plating coating machine. CrAlN and CrAlBN coatings are prepared on polished high-speed steel (S390) specimens (16 mm × 15 mm × 3 mm) and shaper cutters by home-made arc ion plating coating machine (as shown in Figure 1). The material of the shaper cutter is the same as that of the specimens, which is shown in Table 1. The arc ion plating coating machine is equipped with 8 vacuum arc sources and 3 vacuum arc etching sources. Al0.7Cr0.3 and Al0.63Cr0.27B0.1 targets were used to prepare CrAlN and CrAlBN coatings, respectively. After ultrasonic cleaning, the specimens and shaper cutter are armored to the workpiece frame to realize two-dimensional rotation. After the pressure of the vacuum chamber is pumped to 3.0 × 10−3 pa, the heating is turned on, and the temperature is kept at 500 °C for 60 min. Before etching the shaper cutter and specimens, Ar are first introduced into the vacuum chamber. After the pressure in the vacuum chamber is stable, the three arc ion sources start to work. Plasma etching was applied to the surface of the test piece and gear shaper cutter (the specific parameters are shown in Table 2). Plasma treatment can remove pollutants or low energy substances on the surface of the substrate, promote the activation of the surface of the substrate, and thus improve the surface energy and adhesion effect [43]. After the etching is completed, N2 is injected into the vacuum chamber, the coating is deposited after the pressure is stabilized at 3.5 Pa. To enhance the adhesion strength, CrAlN and CrAlBN adhesion layers are deposited with a target current of 130 A and bias voltage of −40 V, for 30 min. The working layers of CrAlN and CrAlBN are deposited with a target current of 130 A and bias voltage of −60 V, for 150 min. Table 3 lists the specific experimental parameters of the deposition of coatings.




2.2. Characterization


The wear marks, scratches and the edge wear of the coating were observed by Thermo Field Apreo 2C (Thermo Fisher Scientific, Waltham, MA, USA) scanning electron microscope (SEM). The friction and wear marks and the chemical composition of the edge were analyzed by Oxford Ultim Max X-ray (Oxford Instruments, Oxford, UK) energy spectrometer (EDS) equipped within the SEM. The phase characterization of the coating was conducted using X-ray diffraction (XRD, Bruker D8 Discover, Cu K α radiation (λ = 0.154056 nm)) with diffraction angles 2θ between 30° and 90°.



The microstructure of the coating was analyzed by Thermo Fisher Scientific (FEI) Talos F200s (Thermo Fisher Scientific, Waltham, MA, USA) ultra-high resolution field emission transmission electron microscope (TEM). The friction and wear behavior of coatings were evaluated using a normal temperature reciprocating friction and wear testing machine (Bruker’s Universal Mechanical Tester (UMT), Tribolab, Billerica, MA, USA). The test parameters included a load of 5 N, a speed of 2 Hz, and SiN balls with 6 mm diameters as the counterpart. The tribological tests were conducted continuously for a duration of 30 min. The cross-sectional area of the abrasion wear was measured using the Zygo (NewView9000, Middlefield, CT, USA) optical surface profiler. Anton Paar (Hit300) (Anton Paar, Graz, Austria) nanometer hardness tester was used to test the coated sample 9 times under a load of 10 mN. After excluding the singularity, the average value was calculated as the hardness and elastic modulus of the coating. The adhesion strength of the coating with substrate is evaluated by Anton Paar scratch meter (RST3), and the testing parameters are as follows, Beginning Load (mN): 1000, End Load (mN): 199999.99, Loading rate (mN/min): 397999.98, Scanning load (mN): 1000, Speed (mm/min): 6.





3. Results and Discussion


3.1. Composition, Structure and Morphology


Figure 2 shows the XRD patterns of CrAlN and CrAlBN coatings. It can be found that the position of the diffraction peak of CrAlN coating appears between the peaks of standard AlN (PDF#46-1200) and CrN (PDF#11-0065) with higher intensity, forming a metastable fcc-NaCl type structure of CrAlN, which is consistent with previous results [44,45].



From the XRD pattern of CrAlBN coating, it can be found that the peak (at the position of 37.8°) is shifted to a lower angle (about 37.5°), and the half-peak width changes from 0.55048 ± 0.01966° to 1.09719 ± 0.02582°. The Scherrer’s formula given in Equation (1) was used to calculate the average grain size (D) of the coatings. According to Scherrer’s formula, the average grain size of the coating decreases from 15.08 nm (CrAlN) to 7.51 nm (CrAlBN). Since the solubility limit of Al in the CrN lattice does not reach the of this component, the film structure is characterized by the metastable supersaturated fcc-AlxCr1−xN solid solution. The smaller B atoms are incorporated instead of larger Al and/or Cr atoms, and the solubility of the B atom in the fcc-AlxCr1−xN phase is limited, so the B atom will separate to the grain boundary, where it forms with the N and a-BNx phases, impeding the growth of crystals in the coating and the average grain size is reduced [34].


  D =   K γ   β   cos  ⁡  θ      



(1)




where K is the Scherrer constant, γ is the wavelength of light used for the diffraction, β is the “full width at half maximum” of the sharp peaks, and θ is the angle measured. The Scherrer constant (K) in the above formula accounts for the shape of the particle and is generally taken to have the value of 0.89.



The Williamson–Smallman relation given in Equation (2) was used to calculate the dislocation density (δ) in nm−2 [46]. It can be calculated from Equation (2) that the dislocation density of the coating increases from 4.391 × 10−4 nm−2 (CrAlN) to 17.46710 × 10−4 nm−2 (CrAlBN).


  δ =   1     D   2      



(2)







The micro-strain (ɛ) was estimated with Equation (3). All the calculated results are given in Table 4 [47]. It can be calculated from Equation (3) that the micro-strain of the coating increases from 7.012 to 14.027.


  ɛ =     β c o t θ     4    



(3)







From Table 4, it can be found that the micro-strain and dislocation density of CrAlN and CrAlBN coatings increase with the decrease of average grain size.



In order to further determine the effect of the addition of B element on the coating, the microstructure of the coating was studied in detail by transmission electron microscope (TEM). Some researchers analyzed the form of B element in CrAlBN coating by TEM according to SAED diffraction ring and found that when B content is 8 at.% [36] or 11 at.% [34], BN exists in the amorphous form in the CrAlBN coating. Figure 3 displays the TEM cross-section of CrAlN and CrAlBN coatings. Where panels a and d are the TEM bright-field images of CrAlN and CrAlBN coatings, respectively. According to a and d, it can be found that the thickness of CrAlBN coating increases from 4.2 μm to 4.25 μm compared with CrAlN coating. This is because the incorporation of light and small B atoms can reduce the bombardment intensity during deposition, thus decreasing the deposition surface and near-surface sputtering of the coating [48], and promoting the growth rate of the coating grains.



TEM bright-field images of CrAlN and CrAlBN (Figure 3b,e) show that both coatings present dense columnar structures, and the addition of B element reduces the columnar structure width of the coatings from 150–200 nm (CrAlN) to 10–50 nm (CrAlBN), and the maximum width of CrAlBN columnar structure is much smaller than that the maximum width of CrAlN coated columnar structure. Moreover, the addition of B element greatly improves the distribution uniformity of columnar structures in the coating. This corresponds to the broadening of XRD peaks in the XRD pattern of the coating before and after the addition of B element, which proves that the addition of B element makes the grain of the coating finer [39].



By comparing the HRTEM of CrAlN and CrAlBN coatings (Figure 3c,f), it was found that there were a large number of displacements, lattice bending and other defects along with contrast caused by internal stress in the CrAlBN coatings (Figure 3f). The crystals of BNx were not found in the HRTEM image (Figure 3f), instead, an amorphous phase was observed. Combining the XRD analysis results (Figure 2) with the cross section scanning results of the CrAlBN coating (Figure 3g), it can be determined that the B element and its compounds exist in the amorphous form in the CrAlBN coating.




3.2. Mechanical Property


Figure 4 shows the hardness (H), elastic modulus (E), H/E and H3/E2 of CrAlN and CrAlBN coatings. After the addition of B element, the CrAlBN coating is subjected to the combined action of solid solution and Hall–Petch hardening [49], which increased the hardness from 32.2044 GPa (CrAlN) to 37.714 GPa (CrAlBN). This corresponds to the lattice distortion in the CrAlBN coating due to the incorporation of B element (Figure 3b). According to Scherrer’s formula, XRD pattern (Figure 2) and TEM bright field pictures of the coating before and after the addition of element B (Figure 3a,b), it can be seen that the addition of element B refines the grain of the coating. The elastic modulus decreased from 420.5832 GPa (CrAlN) to 406.2856 GPa (CrAlBN) due to grain refinement [50].



The ratio of H/E and H3/E2 value has been found to estimate film mechanical properties and predict coating protection function, which are very important parameters. H/E ratio is a parameter that reflects the elastic properties of the coating under external force, and it can be used to characterize the cracking and wear resistance of the coating [51,52]. Figure 4 shows the values for two coatings (CrAlN and CrAlBN). The CrAlBN coating has the highest H/E value (0.09283), which is closest to H/E = 0.1, indicating its potential to enhance the wear resistance of the coating [53]. The values of the H3/E2 determines the resistance of the coating to plastic deformation and is another importance parameter for the characterization of mechanical properties. H3/E2 reflects the ability of coating material to resist plastic deformation failure, and is suitable for evaluating the performance of coating in the plastic deformation stage [54,55]. The H3/E2 ratio for two coatings is 0.1882 GPa (CrAlN) and 0.32497 GPa (CrAlBN), respectively. The ratio of H3/E2 is proportional to the plastic deformation resistance of the film [56]. Results of the nano indentation properties characterization of the coatings showed that H/E and H3/E2 of the CrAlBN coating are higher than those of the CrAlN coating, which indicates that the addition of B element gives the CrAlBN coating a strong ability to resist elastic and plastic deformation.



In order to better evaluate the behavior of coatings adhesion strength, the Scratch test was used. The adhesion strength of CrAlN and CrAlBN coatings is shown in Figure 5. Among them, panels a and b are acoustic emission (AE) signals, load conditions and panoramic imaging images of scratches of CrAlN coating and CrAlBN coating respectively. Panels c and d are SEM images of scratches of CrAlN coating and CrAlBN coating, respectively. Panel e is the bar chart of the comparison of adhesion strength of the two coatings, and f is the contrast curve of scratch residual depth between the two coatings.



Combined with the panoramic image and SEM image of scratches, it can be determined that the cracking mode of the two coatings in the scratch test is conformal buckling cracking. In this way, the direction of the coating crack is consistent with the direction of the scratch, and the coating will not fall off a large area during the scratch process [57]. In the scratch test, Lc1, Lc2, Lc3 represent the critical load at which cracks begin to appear inside the scratch, the critical load at which the coating begins to fall off, and the critical load at which the coating completely falls off at the scratch, respectively [58,59]. Due to the interference of large particles and pits on the surface of the coating to the AE signal, the AE signal of the two coatings at Lc2 point is not obvious. The Lc2 critical load point of the coating can only be determined by the way of scratch morphology. The change position of the AE signal at Lc3 is consistent with the point where the coating completely falls off.



The adhesion strength of the coating is determined by the critical load of the coating at point Lc2 [59,60], it can be determined that the adhesion strength of coating at Lc2 increases from 70.4N (CrAlN) to 83.9N (CrAlBN) with the addition of element B (as shown in the Figure 5e). Compared with Cai et al.’s [41] method of coatings disposition, which uses multi-layer structural coating as adhesion layers and CrAlBN as working layers, the adhesion strength of coatings is improved. The increase of adhesion strength is due to deposition of adhesion layers at a lower bias voltage (−40 V), which can reduce residual compressive stress of the coating [61]. And the lower residual stress can enhance the adhesion strength between the coatings and the substrates [62].



As shown in the Figure 5f, it can be observed that the scratch surface of CrAlBN coating is mainly completely elastic deformation and the CrAlN coating undergoes significant plastic deformation in the initial stage of scratch test. Also, it can be observed that the residual depth of CrAlBN coating is obviously smaller than that of CrAlN coating, which indicates that CrAlBN coating has stronger resistance to plastic deformation than CrAlN coating. The above results correspond to the results of nanoindentation, further verifying that that the ratio of H3/E2 is proportional to the plastic deformation resistance of the film. The excellent performance of CrAlBN coating in coating thickness (Figure 3a,b), hardness (Figure 4), plastic deformation resistance and elastic deformation resistance can effectively delay the deformation at the coating/substrate interface, so that it has a high adhesion strength [40].



The friction coefficients and wear rates of AlCrBN coatings were measured at normal temperature (Figure 6). As shown in panel a in Figure 6, the friction coefficients of CrAlN and CrAlBN coatings are similar and stable at the initial wear stage. In the later wear stage, due to the interactions between wear debris and worn surfaces, the friction coefficient fluctuates greatly. During wear testing, an oxide film is formed at the contact zone between ball and coating, the shearing strength of B containing oxidation films usually show lower shearing strength in comparison to Al-containing or Cr-containing oxidation films, and also the hardness of CrAlBN is higher, so that CrAlBN coating has a lower coefficient of friction [40]. Compared with the AlCrN coating, the AlCrBN coating has a smaller grain size, which is also the reason why its friction coefficient is smaller than CrAlN [63].



The wear resistance of CrAlBN coating is better than that of CrAlN coating (Figure 6b). According to the morphology of the wear track in SEM images (Figure 6c,d), it can be found that there is an adhesive layer at the beginning of the wear track, which is similar to the results of Chang [64]. According to EDS analysis, the main components of the adhesive layers are Si and O elements. Combined with EDS analysis results and chemical composition (CrAlN and CrAlBN) of the coating working layers, it can be determined that adhesive layers come from counter-ball.



As shown in Figure 6a,b, micro-particles (MPs) and pits appear in the wear tracks and collapse occurred at the edge of the crater. The appearance of pits is caused by the defects of the coating itself. According to the EDS analysis results (Figure 6f,h), the particles are mainly Si and O elements, and also Si and O elements also appear at the edge of the pits. Si element is mainly from the counter-ball (SiN) used in the friction and wear experiment, and O element is mainly from the oxidation during the friction and wear process. MPs and the debris generated by pit collapse will participate in the grinding process of the coating and the grinding ball, and aggravate the wear of the coating. The results show that there are adhesive wear and abrasive wear in the process of friction and wear.




3.3. Cutting Performance


To study the basic properties of the coating better serves practical application. At the same time, the final cutting performance of the coating is the key to evaluate the coating quality. In this paper, the performance of CrAlN and CrAlBN coatings was tested on shaper cutter. The 20CrMnTi carburizing steel (after tempering treatment, its hardness is 280 HB) was used to evaluate these coated tools.



As shown in Figure 7a,b are the experimental setup (CNC machine tool (YL5150CNC) produced by Zhejiang Lawrence Machine Tool Co., Ltd., Taizhou, China) for cutting tests and the ring gear, respectively. Since the shaper cutter is a generating tool, the number of qualified gears processed by the tool is used as the criterion for judging the life of the coated tool. The gear processing parameters are shown in Table 5. The number of gears processed by coating tools is shown in Table 6. The CrAlBN coating has a higher service life than the CrAlN coating on the shaper cutter, which is consistent with the result of panel b in Figure 6.



The coated shaper cutter is shown in Figure 8a. In order to analyze the rake face of the gear shaper cutter, the Electrical Discharge Machining (EDM) cutting technology is used to separate the front face of the shaper cutter from the body of the tool. Unused coated tools and 20CrMnTi carburizing steel used to continuously cut 30 and 44 pieces, and XRD pattern of the rake face of these coated tools are shown in Figure 8b.



As shown in the Figure 8b, combined with the XRD pattern before and after the service of the coating (Figure 8b), it can be found that a relatively strong peak of Al2O3(113) occurs in the CrAlN coating at 37.7°. There is no oxide peak in the CrAlBN coating, which indicates that the oxidation wear of the CrAlN coating occurs during the service of the coating. In order to determine the wear behavior of the coatings during service, the rake face of the coated tools was analyzed.



As shown in panels a and c in Figure 9, from the partial enlargement and EDS analysis of rake face, it is found that coated tools could be divided into three regions: the unworn area (a3, c3); the area of unworn coatings (a2, c2), and the core worn area (a1, c1). According to EDS results, the Fe element can be detected on the rake face (a2, c2) of both coated tools, indicating that a diffusion wear mechanism existed in the cutting process [65].



The EDS mapping results of rake face (Figure 9a) shown high Al and O elements and the O and Al elements appear in the same position. However, oxides were not found in Figure 9c, showing that the oxidation wear of CrAlN coating occurred during the cutting process. This corresponds exactly to the result for panel b in Figure 8.



Figure 10a shows the cutting-edge morphology of CrAlN and CrAlBN coatings shaper cutter. It is clear that all coated shaper cutters present similar failure modes in the cutting-edge including boundary wear and edge damage because the shaper cutter is a forming processing tool. As such, boundary wear is the main reason for its failure. According to the SEM image of cutting-edge morphology of the CrAlN-coated shaper cutter (Figure 10a), it can be found that abrasive wear appears (a-1). Due to the high hardness of CrAlBN coating, the abrasive wear phenomenon of the CrAlBN-coated shaper cutter (b) has not been observed [64]. It can be found that the iron chip number of CrAlN-coated tools (a-2) is significantly greater than that of CrAlBN-coated tools (b-1), this indicates that the anti-diffusion wear performance of CrAlBN coating is better than that of CrAlN coating. The cracks (b-1) were only found in the CrAlBN coating, which is caused by the fatigue of the coating during the cutting process.





4. Conclusions


CrAlN and CrAlBN coatings were prepared on the surface of powder high speed steel and shaper cutter by arc ion plating technique. The effects of adding B element on the microstructure and mechanical properties of CrAlBN coating were studied systematically, as well as the service performance of the coated tools.



	
The addition of B element refines the grain of CrAlBN, improves the distribution uniformity of columnar structure, and causes lattice distortion of the coating, which improves the hardness, elastic deformation resistance and plastic deformation resistance of CrAlBN coating, and significantly improves the wear resistance.



	
The performance test of shaper cutter shows that CrAlBN coating significantly improves the edge wear resistance of the coating.



	
The wear mechanism of the coating changes significantly after adding B, and the comprehensive wear performance of the CrAlBN coating is better than that of the CrAlN coating. The study found that, in practical applications, edge damage is the main form of failure of coated shaper cutter. The CrAlN coating is mainly characterized by abrasive wear and diffusion wear, accompanied by oxidation wear. The CrAlBN coating is mainly fatigue wear, accompanied by a small amount of diffusion.
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Figure 1. Arc ion plating coating machine structure diagram. 
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Figure 2. Illustrates the XRD patterns of CrAlN and CrAlBN coatings. 
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Figure 3. (a–g) Cross-section TEM images and surface scans of CrAlN and CrAlBN coatings. 
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Figure 4. Hardness, elastic modulus, H/E and H3/E2 of CrAlN and CrAlBN. 
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Figure 5. (a–f) The adhesion strength of CrAlN and CrAlBN and the morphology of scratches. 
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Figure 6. Friction coefficient (a) and wear rates (b) of coatings. The SEM images and EDS analysis of the CrAlN coating wear tracks (c,e,f), and the CrAlBN coating wear tracks (d,g,h). 
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Figure 7. Schematic illustration of experimental setup (a) and the ring gear (b). 
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Figure 8. The coated shaper cutter (a), the XRD pattern of the rake face of the coated tool after service (b). 
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Figure 9. SEM morphology, EDS analysis of the rake face of CrAlN coated tool (a,c) and CrAlBN coated tool (b,d). 
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Figure 10. SEM images of the cutting-edge morphology of CrAlN (a) and CrAlBN (b) coating shaper cutter. 
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Table 1. Chemical composition of specimens (S390) and shaper cutter.
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	Element
	C
	Cr
	Mo
	V
	W
	Co
	Fe
	Other





	wt%
	1.64
	4.80
	2.00
	4.80
	10.40
	8.00
	67.46
	0.9










 





Table 2. Plasma etching process.
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Procedure

	
Bias Voltage/V

	
Ar/sccm

	
H2/sccm

	
Current/A

	
Temperature/°C

	
Deposition Time/min




	
Ti






	
1

	
50

	
100

	
0

	
80

	
480

	
15




	
2

	
140

	
100

	
100

	
80

	
480

	
15




	
3

	
140

	
100

	
0

	
100

	
480

	
30