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Abstract:



High-speed machining (HSM) is used in industry to improve the productivity and quality of the cutting operations. In this investigation, pure alumina ceramics with the addition of ZrO2, and mixed alumina (Al2O3 + TiC) tools were used in the dry hard turning of AISI 4340 (52 HRC) at different high cutting speeds of 150, 250, 700 and 1000 m/min. It was observed that at cutting speeds of 150 and 250 m/min, pure alumina ceramic tools had better wear resistance than mixed alumina ones. However, upon increasing the cutting speed from 700 to 1000 m/min, mixed alumina ceramic tools outperformed pure ceramic ones. Scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) were used to investigate the worn cutting edges and analyze the obtained results. It was found that the tribo-films formed at the cutting zone during machining affected the wear resistances of the tools and influenced the coefficient of friction at the tool-chip interface. These observations were confirmed by the chip compression ratio results at different cutting conditions. Raising cutting speed to 1000 m/min corresponded to a remarkable decrease in cutting force components in the dry hard turning of AISI 4340 steel.






Keywords:


high speed machining; Alumina-based ceramic tools; tool wear; AISI 4340 hardened steel












1. Introduction


High-speed machining (HSM) is used in different industrial applications, including the machining of molds, dies, and superalloys [1]. The term “high speed” depends on the mechanical and microstructural properties of the workpiece material. HSM is characterized by increased strain, strain rate, and high temperature generation in the primary and secondary deformation zones. HSM usually achieves high productivity and acceptable quality [2].



Hard turning continues to replace cylindrical grinding operation. The reduction of the total machining cost as well as the time consumed by setting up the machine tool and performing the cutting action are the main advantages of hard turning compared to grinding [3].



Dry cutting is usually applied to ceramic tools to avoid thermal shocks at the cutting tool edge [4]. Moreover, removal of cutting fluid will align machining operations closer with green manufacturing technologies favored by state regulatory policy [5]. However, the combination of high speed and dry cutting of hard-to-cut materials still represents an issue with regard to economic, environmental and health aspects of machining.



The use of cutting tools with a predictable performance is an essential factor in undertaking a successful high-speed machining operation. Proper understanding of the abrasive, adhesive, and chemical tool wear mechanisms aids in estimating the tool life under different cutting conditions [6]. Flank wear, crater wear, notching, plastic deformation, fracture, and chipping are different criteria for the tool life [7]. Flank wear can be considered to be mechanically driven wear resulting from the abrasion of the hard particles inside the workpiece material with the cutting tools [8]. Crater wear is affected by the temperature at the tool-chip interface and the chemical affinity between the tool and the workpiece material. Diffusion, adhesion and, to a lesser extent, abrasion contribute to cratering [1,9,10].



Ceramics, as potential refractory materials for cutting tools, are successfully employed in high-performance cutting. When compared to carbides, ceramics have superior hot hardness and chemical wear resistance. In the finishing operations of hardened alloy steels, it was found that mixed alumina ceramic tools (Al2O3 + TiC) exhibited better wear resistance than low-content PCBN tools [11].



Pure alumina ceramics (Al2O3) comprise one category of ceramic tool material; zirconia (ZrO2) is added to this category to toughen the material and inhibit grain size growth, which is essential in cutting tool material applications [12]. Thermal conductivity and hardness of pure alumina can be increased by adding titanium carbide (TiC), forming another type of ceramic tool [13].



Generally, alumina-based tools exhibit high hardness and good chemical stability. As such, they are suitable tools for cutting ferrous alloys [14]. However, the low fracture toughness and the low bending strength of alumina-based ceramic tools has to be accounted for by avoiding shocks and interruptions during cutting [15,16].



SiC whisker reinforcement in alumina matrix increases strength and fracture toughness of the composite material. This type of ceramic tool is applied in the machining of nickel-based alloys [17]. Silicon carbide whiskers tend to dissolve in steel and be replaced by Fe [18]. However, this ceramic tool material is not recommended for machining of ferrous alloys



Most of the mechanical work consumed during the machining process is converted to heat. However, high cutting temperatures induced in HSM influence tool life, surface integrity, chip formation mechanism, and can cause plastic deformation of the tool edge. Final workpiece accuracy may be affected by the high amount of heat generated during HSM. As cutting speed increases, the machining process tends to be more adiabatic. Therefore, the heat generated due to the shearing action in the primary deformation zone will be mainly concentrated in this zone. Thus, a greater temperature decreases the flow stress of the workpiece material and can reduce the cutting force components [19].



Under high temperatures (such as in HSM), tribo-films can be generated at the frictional surfaces during cutting [20]. They are formed due to interactions between the workpiece, the tool material, and the environment. Oxygen from the environment can penetrate along the tool-chip interface and react with active elements near the surface to form different tribo-films [11]. Different types of tribo-films can be generated in this way [21]; protective and thermal barrier tribo-films reduce chemical tool wear and help to decrease the thermal effects on the cutting tool. They can also act as high-temperature lubricants, lowering the adhesion effect of the chip on the tool face [22].



Due to the relatively high cutting forces produced during cutting of hardened materials [23], determination of these forces is essential for not exceeding the elastic limit of the Machine-Fixture-Tool-Workpiece (MFTW) system [24]. The increase of the cutting forces above this limit usually affects the dynamics of the machining process and can cause chatter. Therefore, reaching a range of cutting speeds results in decreasing the cutting forces can positively influence the stability of the machining process and the accuracy of the machined component [25]. Moreover, it can decrease the power consumed during cutting.



Chip compression ratio is defined as the ratio between the deformed and the undeformed chip thicknesses. This represents the energy spent during plastic deformation occurring during cutting. Therefore, it can be used as an indication of the frictional behavior of the cutting process [26]. The higher values of the chip compression ratio indicate an increase of the coefficient of friction at the tool chip-interface.



Hardened 4340 steel is used in the automotive industry in power transmission shafts and gears. Aircraft landing gears can also be manufactured from the same material. It can be cut at cutting speeds of up to 250 m/min using coated carbide tools [27]. A maximum cutting speed of 420 m/min [28] and 270 m/min [29] have previously been used in the machining of hardened AISI 4340 steel using ceramic tools. Thermally enhanced cutting can be used at higher speeds, but with greater costs and complications [30].



According to the literature, alumina-based ceramic tools are one of the optimal choices for machining hardened steels due to their high hot hardness and chemical stability. The objective of the present work is to investigate the performance of the pure alumina ceramic with the addition of ZrO2 and the mixed alumina (Al2O3 + TiC) tools in the high-speed dry turning of AISI 4340 steel, hardened to 52 HRC. No previous work has considered the effect of tribo-chemical reactions in the cutting region on tool wear resistance at the selected machining conditions. The range of the cutting speeds at which the cutting force components decrease, needs to be explored. The exploration of this range is essential to have the beneficial effects of HSM [31]. Chip compression ratio can be used to find the effect of the used machining conditions on the coefficient of friction at the tool-chip interface.



This work can be utilized for optimization of this HSM operation for the sake of reducing the total machining cost. The optimization methodology has to consider that the hourly cost for modern machining centers is considerably higher than that of the cutting tools. This supports the application of HSM, regardless the expected short tool life obtained at the very high cutting speeds [31].




2. Experimental Work


Bars of AISI 4340 steel 120 mm in diameter, and 600 mm in length, hardened to 52 HRC, were used as the workpiece material in this work. Their chemical composition is presented in Table 1.


Table 1. Chemical composition of AISI 4340 steel.





	%Mo
	%Si
	%Mn
	%Cr
	%Mo
	%Ni
	%Fe





	0.37–0.43
	0.15–0.3
	0.6–0.8
	0.7–0.9
	0.2–0.3
	1.65–2.00
	Balance









The ceramic cutting tools used were pure alumina ceramic with the addition of ZrO2, CC620, and mixed alumina (Al2O3 + TiC), CC650. The two types of tools were mounted on the same tool holder and had the same geometrical configurations except for the chamfering width, which is wider in CC620 than in CC650. The higher chamfering width of CC620 was performed by the manufacturer to increase the strength of the cutting edge of the pure alumina ceramic tool to alleviate fracture and chipping that may occur during cutting. This chamfering width difference would not affect the comparative results, as the used depth of cut was smaller than the chamfering width of both tools. Table 2 illustrates complete descriptions of the used ceramic tool materials and tool holder.


Table 2. Description of the used ceramic tool materials and tool holder.





	
Ceramic Tool

	
Chemical Composition

	
Hardness

	
Thermal Conductivity

	
Tool Holder






	
Pure alumina with the addition of ZrO2(CC620)

	
Al2O3 (95%) + ZrO2 (5%)

	
1800 Hv at 25 °C

600 Hv at 1000 °C

	
22 W/mK at 25 °C

7 W/mK at 1000 °C

	
Rake angle = −6°

Clearance angle = 5°

 [image: Jmmp 02 00027 i001]




	
Mixed alumina (CC650)

	
Al2O3 (70%) + TiC (30%)

	
2000 Hv at 25 °C

750 Hv at 1000 °C

	
25 W/mK at 25 °C

12 W/mK at 1000 °C










Four cutting speeds—150, 250, 700 and 1000 m/min—were used. The tool nose radius was 1.2 mm. The depth of cut and feed were 0.125 mm and 0.1 mm/rev, respectively. Using feeds in the range of finishing operation can help to reduce the amount of residual stresses on the machined surface, especially in dry cutting [32]. This feed would produce surface roughness values that are close to the values attained by cylindrical grinding (0.35–0.4 μm, Ra). Machining tests were carried out on an Okuma CNC centre lathe. A digital tool maker’s microscope, with a resolution of 0.01 mm, was used to measure the tool flank wear land width. Machining tests were stopped at 0.2 mm flank wear to avoid any adverse effect on the workpiece accuracy and the surface roughness [33]. Wear curves were plotted against the machining time, in minutes. The presented values of tool flank wear were based on the average value of three different measurements; the uncertainty of the measurements was 6%. Scanning electron microscope (SEM) was used to study the wear patterns of the ceramic cutting tools at the different used cutting speeds.



To determine the deformed chip thickness, the produced chips were collected, and their thicknesses were measured three times at three different areas, using a digital micrometer, with 10 μm resolution. The uncertainty of the carried out measurements of the chip thickness was around 5%. The average undeformed chip thickness was calculated based on a previously published work [34]. The ratio between the deformed to the undeformed chip thickness was used to express the “chip compression ratio”.



X-ray photoelectron spectroscopy (XPS) was used to study the tribo-films formed due to the phase transformations occurred at the cutting tool/chip interface. The XPS equipment consisted of a Physical Electronics (PHI) Quantera II spectrometer with a hemispherical energy analyzer, an Al anode source for X-ray generation, and a quartz crystal monochromatic for focusing the generated X-rays. The samples were sputter-cleaned before collecting the data. The beam for data collecting was 100 micrometers, and all spectra were obtained at a 45° take off-angle. The neutralization of all samples was ensured.



Using fresh cutting edges, cutting force components were measured three times by a 3-component tool force Kistler dynamometer with a data acquisition system. The resolution of the used dynamometer is 0.1 N. The forces’ signals were captured by Kistler 5010-type amplifier and then recorded on a computer using LABVIEW software. The plotted values of the forces were the averages of the three experiments, with uncertainty of 2%.




3. Results and Discussion


3.1. Wear Curves


Figure 1 illustrates the wear curves of the used ceramic tools at 150 m/min. The behavior of the curves was almost the same, but tool life was slightly longer using CC620 compared to CC650 (18 min for CC620, 17 min for CC650).


Figure 1. Wear curves of the used alumina-based ceramic tool in hard machining of AISI 4340 steel at 150 m/min.



[image: Jmmp 02 00027 g001]






In Figure 2, cratering at the chamfered edge of CC650 was noted, which was not present in CC620. This indicates a higher chemical stability of CC620 compared to CC650 containing 30% of TiC with higher solubility in iron [35]. The abrasive wear mechanism could be deduced from the abrasive marks on the tools flank of each tool.


Figure 2. SEM micrographs of the used alumina-based ceramic tool in hard machining of AISI 4340 steel at 150 m/min.



[image: Jmmp 02 00027 g002]






Increasing the cutting speed to 250 m/min resulted in a markedly longer tool life for CC620 than for CC650 (12 min for CC620, 9 min for CC650), this was indicated in Figure 3. In Figure 4, crater wear was more obvious on CC650 than on CC620. Abrasive marks were present for the two types of tools.


Figure 3. Wear curves of the used alumina-based ceramic tool in hard machining of AISI 4340 steel at 250 m/min.



[image: Jmmp 02 00027 g003]





Figure 4. SEM micrographs of the used alumina-based ceramic tool in hard machining of AISI 4340 steel at 250 m/min.



[image: Jmmp 02 00027 g004]






At a cutting speed of 700 m/min, CC650 outperformed CC620 (2.3 min tool life for CC650, 1.6 min tool life for CC620), as presented in Figure 5. As observed before, Figure 6 shows cratering occurred at the chamfered edge of CC650, while this cratering was not present in CC620.


Figure 5. Wear curves of the used alumina-based ceramic tool in hard machining of AISI 4340 steel at 700 m/min.



[image: Jmmp 02 00027 g005]





Figure 6. SEM micrographs of the used alumina-based ceramic tool in hard machining of AISI 4340 steel at 700 m/min.



[image: Jmmp 02 00027 g006]






At 1000 m/min, a catastrophic tool failure was observed in CC620 after 0.7 min of machining, Figure 7. In the same figure, CC650 continued with a gradual wear behavior approaching a tool life of 1.4 min. Figure 8 shows the SEM micrographs of the cutting tools after machining at 1000 m/min, illustrating a complete chipping of the cutting edge of CC620. In contrast, CC650 exhibited crater wear, and a small chipping area at the main cutting edge of the insert was present.


Figure 7. Wear curves of the used alumina-based ceramic tool in hard machining of AISI 4340 steel at 1000 m/min.



[image: Jmmp 02 00027 g007]





Figure 8. SEM micrographs of the used alumina-based ceramic tool in hard machining of AISI 4340 steel at 1000 m/min.
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It can be concluded that CC620 (pure alumina with the addition of ZrO2) demonstrates superior wear resistance at cutting speeds of 150 and 250 m/min. However, under ultra-high speed values (700, 1000 m/min), CC650 (mixed alumina, Al2O3 + TiC) is recommended. Analysis of these results was carried out through chip study and XPS.




3.2. Chip Study


The effect of the cutting speed on the chip compression ratio is presented in Figure 9. At 150 m/min, CC620 had a higher value than CC650 (9 for CC620, 7 for CC650). This is due to the higher hardness of CC650, which affects the tribological behavior at the tool-chip interface. The increase in the hardness of frictional surfaces during dry friction, reduces the value of the resulted coefficient of friction [20]. Upon reaching a cutting speed of 250 m/min, a remarkable decrease of the chip compression ratio value produced by CC620 was observed (from 9 to 5), while the chip compression value for CC650 was 6.7. At 700 and 1000 m/min, the values of the chip compression ratio were the same for the used ceramic tools (4.7 at 700 m/min, 3.9 at 1000 m/min).


Figure 9. Effect of cutting speed on chip compression ratio tool in hard machining of AISI 4340 steel.
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The intensity of the adhesive marks at the chip undersides can be used as an indication of the severity of the adhesive wear mechanism [36]. However, selected chip underside micrographs were presented in Figure 10. At 250 m/min, the intensity of the adhesive marks on the chip underside produced by CC620 was less than the intensity of these marks on the chip underside produced by CC650. At 700 m/min, CC650 produced less intense adhesive marks than CC620. The results deduced from Figure 10 are in agreement with the results obtained from the chip compression ratio curves presented in Figure 9 and the wear curves in Figure 3 and Figure 5.


Figure 10. Chip undersides at different conditions.



[image: Jmmp 02 00027 g010]






However, it’s worth mentioning that increasing cutting speed decreased the chip compression ratio and, consequently, the coefficient of friction at the tool-chip interface. This can be considered as an advantage of applying HSM on the hardened AISI 4340 steel.




3.3. XPS Analyses


The higher performance of CC620 at 250 m/min, and the better wear resistance of CC650 at 700 m/min led to performing XPS analysis for these tools at the aforementioned cutting speeds.



XPS spectra of CC620 at 250 m/min are presented in Figure 11. An adequate amount of alumina (Al2O3) tribo-film with sapphire crystal structure was found (HR Al2s spectrum, binding energy of 117 eV). This tribo-film acts as a thermal barrier at elevated cutting temperatures prevents heat penetration to the tool surface and subsurface that can cause the tool damage; moreover, this tribo-film formation reduces the adhesive wear effect [20]. ZrO2 tribo-film was detected in Figure 11 (HR Zr3d spectrum, binding energy of 183.3 eV). Its formation decreases the coefficient of friction at the tool-chip interface [37]. The detection of these tribo-films supported the results obtained from the wear curve at 250 m/min in Figure 3, chip compression ratio presented in Figure 9, and the chip underside micrographs illustrated in Figure 11. When the cutting speed reaches 700 m/min, ZrO2 tribo-film becomes ineffective due to the expected increase of the cutting temperature to more than 900 °C. This was shown by the wear curve in Figure 5.


Figure 11. XPS spectra of CC620 at 250 m/min.



[image: Jmmp 02 00027 g011]






The XPS spectra of CC650 at 700 m/min are shown in Figure 12. An alumina-based layer with sapphire crystal structure was detected (HR Al2s region, binding energy of 117.6 eV). The amount was higher than that found on CC620 at 250 m/min (10.8% compared with 8.3% for CC620 at 250 m/min). This helps the CC650 ceramic tool have longer tool life than CC620 for cutting at this high a speed. Moreover, as indicated in Table 2, CC650 has higher hot hardness and thermal conductivity than CC620, which also enhances its wear resistance.


Figure 12. XPS spectra of CC650 at 700 m/min.



[image: Jmmp 02 00027 g012]







3.4. Cutting Force Component Measurement


The effect of the cutting speed on the cutting force components when using the CC650 cutting tool is presented in Figure 13. The radial force component was the largest component due to the increased value of the tool nose radius (1.2 mm) when compared to the depth of cut (0.125 mm) [34]. All the components showed a steady behavior with no remarkable reduction in their values until cutting speed reached 700 m/min. By increasing the cutting speed to 1000 m/min, the radial and the tangential force components decreased by 20% and 12%, respectively, which can be attributed to the thermal softening effect. The reduction in the cutting force components and the chip compression ratio upon increasing the cutting speed to 1000 m/min, indicated the decrease of the coefficient of friction at the tool-chip interface when HSM is applied.


Figure 13. Effect of cutting speed on cutting force components in hard machining of AISI 4340 steel.



[image: Jmmp 02 00027 g013]








4. Conclusions


Several novel observations were noted in the dry high-speed hard turning of AISI 4340 using alumina-based ceramic tools. At cutting speeds of 150 and 250 m/min, the pure alumina ceramic tools with the addition of ZrO2 have higher wear resistance than the mixed alumina tools. XPS analysis carried out on the worn area of the pure alumina ceramic tool at 250 m/min showed the formation of a protective alumina tribo-film with sapphire crystal structure as well as a ZrO2 tribo-film that decreased the coefficient of friction at the tool-chip interface. This was indicated by the chip compression ratio results and the chip underside micrographs. Increasing cutting speed to 700 m/min diminishes the protective effect of the ZrO2 tribo-film when using the pure alumina tools as indicated by the wear curve and the chip compression ratio at this speed. A higher amount of sapphire formed at the worn edge of the mixed alumina ceramic tool at 700 m/min. Moreover, this tool has a higher hardness and thermal conductivity than the pure alumina ceramic tool. Taking these factors into account, the mixed alumina ceramic tool outperforms the pure alumina one at 700 and 1000 m/min. The increase of the cutting speed from 700 to 1000 m/min demonstrated a reduction in the radial force component by 20% and the tangential force component by 12%, which could potentially improve the workpiece accuracy. The value of the cutting force components and chip compression ratio, indicated a decrease of the coefficient of friction at the tool-chip interface upon applying HSM.
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