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Abstract

:

A CrN/AlCrN coating was prepared on a carbide substrate and PCB milling cutter by the cathodic arc ion plating technique. The organization, mechanical and tribological properties of the coating were studied. The milling performance of the coated milling cutters was investigated by milling tests. The results show that the surface of the CrN/AlCrN coating is smooth and dense without obvious defects. The coating has high hardness, low roughness and good bonding strength, presenting excellent mechanical properties. The coating showed better tribological performance and a lower friction coefficient under low load than that under high load, and the wear forms were adhesive wear and a small amount of oxidation wear. The coated milling cutters showed excellent milling performance when working at lower feed rates. The service life of coated milling cutters is significantly higher compared to uncoated cutters.
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1. Introduction


In recent years, the rapid promotion and application of 5G communication technology has greatly stimulated the development of the printed circuit board (PCB) industry [1]. The PCB is the core basic component that provides mechanical assembly support and electrical connection of components for various electronic systems, while enabling electronic equipment signal transmission, signal transceiving and power supply, and is known as “the mother of electronic products” [2].



PCBs are mainly laminated composites composed of metal, synthetic resin and glass fiber [3], and the common processing methods for the slots and holes are high-speed milling and drilling [4,5], involving mainly micro-drills and micro-milling tools. As the most commonly used and effective cutting tool in the slot processing of printed circuit boards, the milling accuracy, efficiency and service life of the milling tool play a crucial role in the slot processing of printed circuit boards [6]. Most of the current research on printed board machining is focused on drilling [7,8], which plays an important role in printed board manufacturing, but milling the slot is also a key process in the printed board production [9]. As the glass fiber in the printed circuit board contains SiO2, Al2O3 and other components, tool processing for a printed circuit board will lead to very serious tool wear, so the performance requirements of the tool are also increasingly high. However, existing tool materials and related designs are excellent, and it is difficult to make a breakthrough in uncoated tools. Physical vapor deposition (PVD) technology has been widely used in tool manufacturing to improve the properties of the tool such as hardness, wear resistance and other properties of the tool to better solve the contradiction between the hardness, wear resistance and flexural strength; impact toughness of the tool material in the previous tool manufacturing; effectively extend the service life of the tool, prompting the tool to obtain excellent comprehensive mechanical properties; and significantly improve the machining efficiency and service life [10].



At present, the processing tools for printed circuit boards at home and abroad have developed from ordinary micro-tools to coated tools. For example, in the process of processing printed circuit boards, Lee et al. [11] found that the mechanisms of TIN-coated tools are abrasive wear, bonded wear and diffusion wear through an in-depth study of cutting force, cutting temperature and tool wear, and Lee et al. [12] deposited Ti(1 − x)AlxN film on PCB tools by cathodic arc ion plating, which improved the life of PCB-coated tools by more than two times compared with ordinary carbide tools. Some scholars found that composite-coated PCB tools have better machining quality compared to single-layer CrN-coated tools [13]. Lin et al. [14] found that depositing a ZrN coating on the surface of PCB tools can improve their cutting quality while extending the durability of the tools. Although single-layer coatings can improve the cutting performance of PCB tools, there are disadvantages such as poor bonding, lower hardness and rougher surface. The composite coating is widely used for its high hardness, high corrosion resistance and high wear resistance.



CrN is an early application in industrial machining, but its use has some limitations due to its low oxidation resistance and low hardness. AlCrN coating is a multi-layer coating developed on the basis of CrN coating, which has higher hardness and wear resistance compared to CrN coating [15,16]. Therefore, CrAlN coating is deposited on the surface of CrN to obtain CrN/CrAlN composite coating with better corrosion resistance, wear resistance and adhesion [17]. DLC coatings show good performance in processing aluminum alloy plates. The presence of hard particles in printed circuit boards can lead to poor wear resistance of DLC coatings. At present, most companies process PCB primarily using a conventional carbide tool + AlCrN coating process, and there are few reports on the study of wear and cutting mechanisms of CrN/CrAlN composite coatings.



In this paper, CrN/AlCrN coatings were prepared on carbide substrates using cathodic arc ion plating technology; the microstructure and mechanical properties of the coatings were investigated and the wear mechanisms of the coatings under different loads were studied. In addition, CrN/AlCrN coating was deposited on PCB milling cutters and the cutting performance was investigated.




2. Experimental Details


2.1. Coating Preparation


CrN/AlCrN coatings were deposited on k05 carbide specimens and PCB milling cutters using cathodic arc ion plating technology. Cemented carbide specimen composition is shown in Table 1, and the geometric parameters and shape of the milling cutter are shown in Table 2 and Figure 1. Firstly, the surface of the specimen was polished using 120–2000 mesh water abrasive paper, and then polished manually using abrasive paste and cleaned using 2CRD200 ultrasonic cleaning equipment (Novatec, Padova, ltaly). Ultrasonic degreasing followed, by applying the cleaning solution and pure water extracted from 15 cylinders in turn, then soaking, rinsing and drying. The whole cleaning process took 54 min in total. The cleaned specimen and milling cutter were clamped on the furnace frame and put into the coating deposition equipment (ICS, Milan, ltaly).



Before the coating deposition, the vacuum of the furnace chamber of the equipment was pumped to vacuum 0.5 Pa, then the chamber was heated gradually to 480 °C until the setting temperature was achieved, after which the furnace chamber was insulated for 45 min. An amount of 200 sccm argon gas was put in, the bias voltage was set to −700 V and the target was cleaned for 3 min, after which the bias voltage of the substrate was raised to −800 V. The target current was set to 110 A for cleaning and etching; this step lasted 15 min to remove the oxide layer and impurities on the surface. After waiting for the end of etching, we kept the vacuum level at 2.5 Pa, the coating temperature at 420 °C and adjusted the bias voltage to −100 V. A Cr target of purity 99.96 % was used to pre-deposit the CrN layer on the substrate surface in N2; the target current was 120 A and the deposition time was 10 min. The AlCrN layer was deposited on the CrN layer using an Al70Cr30 alloy target of purity 99.94 % with the target current of 140 A and a deposition time of 90 min. Finally, a 130 A current was applied to the Cr target and Al70Cr30 alloy target, and the deposition time was 30 min.




2.2. Structural and Performance Characterization Methods


Scanning electron microscopy (SEM, Crossbeam 550, ZEISS, Jena, Germany) was used to observe the surface morphology and cross-sectional characteristics of the CrN/AlCrN coatings; a laser confocal microscope (VK-X1000, KEYENCE, Ōsaka, Japan) was used to test and observe the three-dimensional microscopic morphology of the substrate and coatings and to obtain the surface roughness values. The phase composition of the AlCrN coating was analyzed using an X-ray diffractometer (XRD, Bruker D8 advance, Bruker, Karlsruhe, Germany) with a Cu-radiation wavelength of 0.154 nm, grazing incidence angle of 2°, scan step of 0.02 and scan rate of 3°/min; the range of 2θ was 30°–80°.



The bonding strength of the coating was characterized by the indentation test using a Rockwell hardness tester with a diamond indenter with the taper angle of 120°; a load of 150 kg for a duration of 5 s was applied. The indentation morphological characteristics were observed using an optical microscope, and the bonding strength grade was judged according to the standard comparison table. In order to further accurately obtain the size of the bonding force of the coating using an automatic coating adhesion scratcher (WS-2005, ZKKH, Lanzhou, China) during the experimental process, a Rockwell C-type diamond stylus (angle 120° and spherical tip radius 0.2 mm) was used with a constant speed and set load (constant or gradually increasing) in the sample surface across the set distance. With the loading load increasing, the coating surface will be destroyed and produce a scratch when the coating surface begins to appear due to adhesion failure and a large expansion of cracks; a small amount of coating will begin to peel off when the loading force is the value of the bonding force. The test set the loading range from 0 to 100 N; the scratch length was 5 mm, the scratch speed was 5 mm/min, the loading rate was 100 N/min and the acoustic signal curve was controlled by a computer. The coating hardness measurement was performed using a micro-Vickers hardness tester with an experimental set load of 25 g; five points were randomly selected on the surface of the carbide-coated specimen for determination and the average value was taken as the coating hardness.



The tribological properties of the coating were tested by a ring-on-block sliding tribological tester (MM-2HB, HengXu, Jinan, China) under dry conditions; the loads were 12 N and 20 N, the test time was 10 min, the rotating speed was 400 r/min and the friction ring diameter was 40 mm. We repeated the test three times to obtain the experimental data. In addition, the wear morphology of the coating was characterized by SEM and the elemental distribution of the wear surface was analyzed by an energy dispersive spectrometer (EDS, ZEISS, Jena, Germany).




2.3. Milling Experiment


In order to evaluate the service life and wear mechanism of coated milling cutters, IT158 (stack height 6.0 mm, ITEQ, Hsinchu, China), a multifunctional filled epoxy sheet with medium Tg value and high thermal reliability and low coefficient of thermal expansion, was used as the machining material, while the glass fiber contained in the copper-clad sheet would lead to severe tool-wear during machining. The experimental machining machine was selected as a PR-2228/S4 machining center, the air-cooling method was used for cooling during machining and the experimental set unit milling length was 0.55 m. The copper-clad plate IT158 was fixed on the mounting plate and the chips generated were carried away by a vacuum cleaner. The machining process is shown in Figure 2. The experimental parameters are listed in Table 3, while uncoated milling cutters were used for comparison. Considering the wear variation and contingency of coated milling cutters under the same conditions, two tests were repeated under each condition to verify the repeatability. The wear of PCB milling cutters was obtained using a VHK-2000 digital microscope (KEYENCE, Ōsaka, Japan) at milling lengths of 1.1, 3.3 and 5.5 m, with intermittent observations during tool breakage, and the wear pattern was obtained by scanning electron microscopy. Finally, the total milling lengths, wear values and wear mechanisms of the PCB slots machined by the coated milling cutters with different milling parameters were obtained. Figure 3 shows the wear of the tool. According to the international standard (ISO 8688-2:1989) [18], the wear standard is the rear face wear width (VB) of the tool, and the tool wear can be quantitatively determined by measuring the rear face wear width value.





3. Results and Discussion


3.1. Microscopic Morphology of the Coating


SEM was used to observe the surface and cross-sectional morphology of the CrN/AlCrN coating, as shown in Figure 4. Large particles and pits with different sizes were observed on the coating surface, and the particle and pit sizes were counted and found to be in the range 1–3 μm. Compared to the large particle size of the AlCrN coating, which is usually in the range 1–10 μm [19], CrN/AlCrN coatings show better surface quality, as evidenced by the dense coating surface, the absence of visible defects and the smaller size of large particles. These tiny droplets are mainly emitted from the cathode point, where atomic and ionic collisions promote their formation on the substrate during the deposition process. Since the poor adhesion of these droplet particles affects the surface quality and mechanical properties of the coating, many studies have been conducted to reduce the large particles through adjusting the process parameters. For example, an appropriate increase in the magnitude of the arc current can reduce the number and size of particles on the surface of the coating [20]. The cross-sectional morphology of the coating in Figure 4b shows that the coating is flat and dense as well as there being no obvious boundary between the layers; the thickness of the top layer of CrN/AlCrN is 0.8 ± 0.11 μm and the middle layer of CrN is 1.0 ± 0.08 μm.




3.2. Coating Composition and Phase Composition


Figure 5 shows the elemental energy spectrum of the coating surface. The coating is mainly composed of Al: 30.46 at.%, Cr: 18.80 at.% and N: 50.74 at.%, where N is the main constituent element, which is mainly related to the N2 flux. In the subsequent energy spectral surface scans, the constituent elements were found to be uniformly distributed on the surface of the coating. The analysis of the line scan spectra of the elements of the coating cross-section is shown in Figure 6. The values of the vertical coordinates represent the elemental content of the coating as the coating thickness changes, and the distribution pattern of the elemental content of Al, Cr and N is generally consistent with the content of the surface scan.



The results of the XRD diffraction spectrum in Figure 7 show that the three diffraction peaks of the coating ((111), (200) and (220)) are located at 38.53, 44.77 and 65.19, respectively, while the crystallinity in the (200) direction is good. Based on the XRD results, the crystal size of the coating was obtained by Scherrer’s theoretical equation [21]:   D = K λ / ( β cos θ )  , where K is a constant (0.9), λ is the wavelength of the X-rays (0.15406 nm), β is the value of the radian corresponding to the full width at half maximum (FWHM) of the coating (200) peak and θ is the Bragg angle. The grain size obtained was 18.65 nm.




3.3. Hardness and Surface Roughness of the Coating


The surface morphology of the coating and the substrate is shown in Figure 8. It can be found that the surface morphology of the substrate is smooth before and after coating, which indicates that the roughness is not significantly changed after coating. The roughness value of the substrate is 70 nm and the roughness value of the surface is 120 nm with coating, and the change in roughness value is consistent with the surface morphology. The hardness of the coating was measured by a micro-Vickers hardness tester, and the average hardness value of the coating was 3512 HV0.025, which is 59.1% higher than that of the substrate (2208 HV0.025). Therefore, the deposited CrN/AlCrN coating has good mechanical properties without significantly changing the surface quality of the substrate.




3.4. Bonding Strength of the Coating


In the high-speed milling process of PCB, the bonding strength of coating and substrate has an important influence on the tool life of the coated milling cutters. If the bonding strength between the coating and substrate is poor, coating delamination and spalling will become the main failure form, resulting in low service life of the coated tools. According to the determination criteria in Figure 9b, the bonding strength level is divided into HF1–HF6 from high to low, and there are damage modes such as cracks around the indentation (HF1–HF6) and coating flaking (HF5, HF6). When the conical diamond indenter is pressed against the specimen, both the coating and the substrate will show plastic deformation. In addition, the coating and substrate undergo significant radial tensile strain during the applied load, and circumferential cracks with different numbers and lengths appear at the edges of the indentation area. The indentation pattern of the CrN/AlCrN coating is observed in Figure 9a, which shows that the number of cracks around the indentation is small, the length of cracks is not significantly extended and there is no peeling on the surface of the coating, thus the bonding strength of the CrN/AlCrN coating is HF1.



The bonding force of the coating was tested using a scratch tester, and from Figure 10 the acoustic signal curve of the scratches, it can be found that the curve starts to fluctuate when the applied load is 66.45 N, indicating that the bonding force Lc2 of the CrN/AlCrN coating is 66.45 N. The scratch morphology of the coating is shown in Figure 11, with fine cracks at coating area 1, a few fragments at the edges of the scratches and whisker-like flaking at the crack fragments. It is clear from area 2 that the coating has peeled off extensively.




3.5. Tribological Test


When PCBs are machined using coated milling cutters, the quality and accuracy of the machining is related to the tribological properties of the coating. Experiments were conducted using a ring-on-block tester, and the friction coefficient value curve of the coating is shown in Figure 12. It can be seen from the figure that the friction coefficients are different under different experimental loads. Under the load of 20 N, the friction coefficient grows rapidly in the early stage, and the friction coefficient curve is smooth and keeps stable at about 0.45 at 200 s. The friction coefficient grows faster in the late stage of wear, mainly due to the serious wear of the coating. When the load is 12 N, the friction coefficient curve is relatively smooth, with values fluctuating around 0.4, and the friction coefficient starts to grow rapidly after 350 s. Comparing the friction coefficient curves under both loads, it can be found that the friction coefficient of the coating under both loads did not show a jump increase, which is mainly due to the excellent bonding strength of the coating [22]. In addition, the coating exhibited better friction performance at low loads, as evidenced by lower and smoother friction coefficient values. The wear tracks of the coatings were observed using scanning electron microscopy and energy dispersive spectroscopy (EDS) was performed to investigate the wear mechanisms of the coatings. From the surface wear morphology and EDS mapping in Figure 13, various defects were found on the surface of the coating with the load of 12 N, which was mainly due to the adhesion of the coating to the opposing ring. In the EDS spectrum, it was found that in addition to the coating elements, a large amount of O and Fe elements were also present, and Fe elements were mainly transferred with Fe elements on the opposing ring. Therefore, under light load, the coating wear mechanisms are mainly adhesive wear and oxidation wear. Under a heavy load of 20 N, the ploughing phenomenon caused by the ploughing of hard particles exists on the coating surface, and a certain amount of O and Fe elements are present in the subsequent EDS spectrum.




3.6. Milling Experiment


To study the wear mechanism and service life of the coated milling cutter, the wear of the cutting edge of the PCB milling cutter under different milling parameters and the relationship between the wear of the tool surface and the total milling length were observed intermittently by digital microscopy, as shown in Figure 14 and Figure 15. It can be found that the tool wear increases with the increasing in cutting length. When the rotating speed is 42,000 rpm and the feed rate is 2 mm/s, the maximum wear of the milling cutter is 12.6 μm; when the feed rate increases to 4 mm/s, the maximum wear of the milling cutter is 23.0 μm; when the feed rate increases to 8 mm/s, the flank wear of the milling cutter quickly reaches 22.6 μm and tool breakage occurs. When the rotating speed is 38,000 rpm and the feed rate is 2 mm/s, the maximum wear of the milling cutter is 28.2 μm; when the feed speed is increased to 4 mm/s, the maximum wear of the milling cutter is 22.8 μm; when the feed speed is increased to 8 mm/s, the breakage occurs after 8.5 μm wear. Comparing only the spindle speed, the higher spindle speed for cutting at the same feed rate and milling distance results in less tool wear, so the higher spindle speed is more beneficial to the milling process. The experiments were carried out at the feed rates of 2, 4 and 8 mm/s, and the tool wear increased with the increasing feed speed for the same milling tool length. Therefore, the coated milling cutter has better milling performance and service life at higher spindle speed and lower feed rate.



The total milling lengths of coated and uncoated milling cutters with different milling parameters are plotted in Figure 16, from which it can be found that the service life of coated milling cutters is improved by 9.08, 6.88, 0.76, 7.39, 4.66 and 0.18 m compared with uncoated milling cutters under different milling parameters. It can be found that the tool life is improved after the coating treatment, especially for the low feed speed. In both spindle speeds when the feed speed is 8 mm/s, the tool life before and after the coating has not changed much, mainly because the higher feed speed makes the tool wear rapidly to the set wear amount, and the rapid wear causes the coating to fall off.



When using PCB milling cutters for high-speed milling with different parameters, the problems faced include not only the friction between the milling cutter and the cutting material, but also the intermittent impact force caused by intermittent milling, both of which may cause rapid wear and even sudden breakage of the cutter. The experimental results show that the total milling length of uncoated milling cutters processing PCB slots under different milling parameters is not more than 3 m when breakage occurs. When the milling cutter wears, the cutting edge of the uncoated cutter cannot withstand the high frictional resistance, which will lead to rapid fracture when milling the PCB slot, so the wear resistance of the uncoated cutter is poor.



When coated milling cutters are used for PCB slot machining, the wear of the milling cutter mainly depends on the friction coefficient of the coating, surface roughness and bonding strength, which mainly affect the friction performance, chip evacuation ability and cutting force during PCB milling. From previous studies, it is known that coated milling cutters with larger friction coefficients and surface roughness are more susceptible to severe abrasive wear and large frictional resistance than those with low friction coefficients and surface roughness. With the gradual increasing of the tool wear, the frictional resistance and cutting force between the edge of the end mill and the PCB will instantly exceed the load-bearing capacity, leading to the breakage of the PCB milling cutter. As the CrN/AlCrN-coated milling cutter has a low coefficient of friction, it will reduce the frictional resistance and slow down the wear rate of the milling cutter during the milling process, and the lower surface roughness will give the milling cutter excellent chip evacuation ability. Indentation tests have shown that the CrN/AlCrN coating has excellent bond strength and that the coating does not delaminate or even flake off from the tool prematurely during high-speed milling of PCB grooves. Therefore, the cutting edge is well protected from severe wear caused by the high-hardness fillers (SiO2, Al2O3, etc.) in the PCB. The results show that the CrN/AlCrN-coated milling cutter has better cutting performance and service life than the uncoated cutter.



The wear of the coated milling cutter for different milling parameters obtained using SEM photography is shown in Figure 17. When the rotating speed is 42,000 rpm and the feed rate is 2 mm/s, the cutting edge is slightly worn without any built-up edge and coating flaking, and when the feed rate is increased to 4 mm/s, the wear of the cutting edge of the coated milling cutter is further intensified. Figure 17d–f show the experimental wear patterns obtained at a lower spindle speed of 38,000 rpm, which shows the more severe wear of the coated tool at the same feed rate compared to the higher spindle speed. Therefore, the failure of the coated milling cutters is mainly in the form of severe wear, blade peeling and built-up edge.





4. Conclusions


	(1)

	
The surface of the CrN/AlCrN coating is dense and free of obvious defects, and the multilayer structure has no obvious boundary. The coating consists of Al, Cr and N elements and is uniformly distributed. After coating, the roughness increased by 50 nm, the microhardness increased by 59.1% and the bonding force was 66.45 N.




	(2)

	
In the tribological test, the friction coefficient increased with the increase in load. The average friction coefficient at the load of 12 N was 0.4. The wear mechanisms of the coating were adhesive wear and oxidative wear. At the load of 20 N, the average friction coefficient was 0.45, and the wear mechanisms were abrasive and oxidative wear.




	(3)

	
The coated PCB milling cutter had better milling performance and higher service life at higher spindle speed and lower feed rate for slot machining. As the feed rate increased, the wear of the coated tool gradually increased at the same milling length. When the spindle speed was 42,000 rpm and the feed rate was 2 mm/s, the total milling length of the printed circuit board processed by the coated milling tool was up to 11.35 m.




	(4)

	
Compared with the uncoated milling cutter, the coated milling cutter showed better wear resistance and cutting performance. Under suitable milling parameters, the service life of the coated milling cutter quadrupled over the uncoated milling cutter. The failure of the coated milling cutters was mainly in the form of severe wear, blade peeling and built-up edge.
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Figure 1. PCB end mills: (a) the overall groove of the end mill; (b) the partial cutting edge of the end mill. 
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Figure 2. PCB processing. 
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Figure 3. Wear of PCB tool: (a) PCB tools; (b) Local zoom. 
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Figure 4. Coating microscopic morphology: (a) Surface appearance; (b) Cross-sectional shape. 
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Figure 5. Surface energy spectrum analysis of coatings. 






Figure 5. Surface energy spectrum analysis of coatings.



[image: Coatings 12 00556 g005]







[image: Coatings 12 00556 g006 550] 





Figure 6. Elemental line scan spectra of the cross-sections of the coating. 
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Figure 7. XRD pattern of the coating. 
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Figure 8. Three-dimensional morphology and line profile curves: (a) coating; (b) substrate. 
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Figure 9. (a) Indentation profile of the coating; (b) VDI-3198 standard. 
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Figure 10. Acoustic signal curve of scratches. 
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Figure 11. Scratch appearance of the coating: (a) Area 1; (b) Area 2. 
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Figure 12. Friction coefficient curve. 
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Figure 13. Microscopic morphology and elemental analysis of coated abrasion marks: (a) 12 N; (b) 20 N. 
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Figure 14. Typical wear patterns of the cutting edges of coated milling cutters with different milling parameters: (a) Rev: 42,000 rpm; Vf: 2 mm/s; (b) Rev: 42,000 rpm; Vf: 4 mm/s; (c) Rev: 42,000 rpm; Vf: 8 mm/s; (d) Rev: 38,000 rpm; Vf: 2 mm/s; (e) Rev: 38,000 rpm; Vf: 4 mm/s; (f) Rev: 38,000 rpm; Vf: 8 mm/s. 
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Figure 15. Flank wear value of the cutting edge of coated milling cutters with different milling parameters. 
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Figure 16. Total milling length for coated and uncoated milling cutters with different milling parameters: (a) Rev: 42,000 rpm; Vf: 2 mm/s; (b) Rev: 42,000 rpm; Vf: 4 mm/s; (c) Rev: 42,000 rpm; Vf: 8 mm/s; (d) Rev: 38,000 rpm; Vf: 2 mm/s; (e) Rev: 38,000 rpm; Vf: 4 mm/s; (f) Rev: 38,000 rpm; Vf: 8 mm/s. 
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Figure 17. Micromorphology of coated milling cutters with different milling parameters: (a) Rev: 42,000 rpm; Vf: 2 mm/s; (b) Rev: 42,000 rpm; Vf: 4 mm/s; (c) Rev: 42,000 rpm; Vf: 8 mm/s; (d) Rev: 38,000 rpm; Vf: 2 mm/s; (e) Rev: 38,000 rpm; Vf: 4 mm/s; (f) Rev: 38,000 rpm; Vf: 8 mm/s. 
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Table 1. Cemented carbide specimen composition.
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	Model
	WC%
	Co%
	Graininess





	K05
	93.00
	6.20
	0.4
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Table 2. Geometric parameters of the tool.
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	External

Diameter
	Blade Length
	Full Length
	Number of Blades
	Lateral Groove Depth
	Tooth

Height
	Spiral

Angle





	1.0 mm
	28.0 mm
	37.0 mm
	7
	0.070 mm
	0.16 mm
	12°
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Table 3. Milling experiment parameters.
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	Programs
	Spindle Speed (rpm)
	Feeding Speed (mm/s)





	Program 1
	42,000
	2



	Program 2
	42,000
	4



	Program 3
	42,000
	8



	Program 4
	38,000
	2



	Program 5
	38,000
	4



	Program 6
	38,000
	8
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