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Abstract


The friction/adhesion between the tool and chip is generally large in metal cutting, and it causes many problems such as high cutting energy/rough surface finish. To suppress this, cutting fluid and tool coating are used in practice, but they are high in energy/cost and environmentally unfriendly. Therefore, this paper investigates the extraordinarily high-speed cutting (EHS cutting) mechanics of mainly soft and highly heat-conductive materials and proposes their application to solve the friction/adhesion problem in an environmentally friendly manner. In order to clarify the EHS cutting mechanics, a simple analytical model is constructed and experiments are conducted with measurement of the cutting temperature and forces. As a result, the following points are clarified/found: (1) heat softening at the secondary plastic deformation zone rather than the primary plastic deformation zone, (2) friction coefficient drop to 0.170 in EHS cutting, and (3) gradually increasing trend of cutting temperature in EHS cutting. Finally, EHS cutting is applied to dry cutting of aluminum alloys with a non-coated carbide tool and compared to conventional wet cutting with a DLC-coated carbide tool, and it is shown that a coating/coolant can be omitted in this region to achieve environmentally friendly cutting.
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1. Introduction


In the cutting of metallic materials such as aluminum alloys, copper alloys, and ferrous materials, friction between the tool and chip is generally large, and the workpiece material adheres easily to the cutting edge [1], which can cause various issues. For example, the adhered workpiece material, i.e., built-up edge, can deteriorate the machined surface due to its growth and drop. In addition, the friction force increases the resultant force and energy and decreases the machining accuracy. This high friction force is caused by the high compressive force and high friction coefficient between the rake face and the chip. The reason for the high compressive force is that a large force is required for the generation of the chip by plastic deformation of the workpiece in the primary plastic deformation zone, as shown in Figure 1 [2]. On the other hand, the reason for the high friction coefficient is that the rake face contacts the newly formed material surface, which is chemically active and adhesive. Regarding heat softening due to the cutting temperature, studies in the literature have focused on the primary plastic deformation zone, i.e., shear zone, based on the Johnson–Cook model [3,4]. However, as shown in the representative temperature distribution in Figure 1, the shear zone does not become that hot, whereas the tool–chip interface, especially above the secondary plastic deformation zone, is much hotter than the shear zone. This is because most of the shear heat generated in the shear zone and the frictional heat generated in the tool–chip interface flow into the chip together with the material flow at relatively high cutting speeds [2]. To the authors’ understanding, it is difficult to reduce the compressive force significantly because of this fact. As shown in Figure 1, the shear heat generated in the shear zone increases the chip temperature almost uniformly after the shear zone, and the friction heat generated in the tool–chip interface further increases the temperature locally at the interface.



Contrarily, many methods to reduce the friction coefficient were proposed/developed in the literature. Examples of conventional methods to suppress the adhesion and reduce the friction coefficient are providing cutting fluid, applying low-friction coating on the tool surface, and using diamond-based tools such as polycrystalline diamond (PCD) tools. Especially in aluminum alloy machining, adhesion is a major issue, and cutting fluid and low-friction coating are usually used simultaneously [5]. However, supplying cutting fluid not only increases the machining cost including the surrounding equipment, but also the energy consumption [6,7]; additionally, the post-treatment of the used fluid imposes an environmental burden. Minimum-quantity lubrication (MQL) was proposed to reduce the amount of cutting fluid [8], but there are still concerns that the mist produced by MQL affects the human body and environment. Another research is cryogenic cutting using liquified CO2 or N2 [9], but there are practical issues. Tool coating and PCD tools provide some lubricating effect on the rake face, but they increase tool cost and have practical issues such as delamination of the coating and chipping of the PCD tool.



Other advanced cutting technologies such as high-pressure coolant systems and laser-assisted machining to improve the cutting performance exist in the literature, but the energy consumption is extremely large for them, e.g., over ten kilo-Watts for the former technology [10] and several hundreds of Watts to over ten kilo-Watts for the latter technology [11]. Although effects such as extreme cooling and enhanced chip disposability for the former technology and heat softening for the latter technology may be achieved, the obtained improvements force too much environmental load.



Meanwhile, as shown in Figure 1, a high-temperature region is generated in the tool–chip interface by the friction at the interface in addition to the shear in the shear zone. The friction heat can be increased, for example, by increasing the cutting speed, and it should also affect the friction coefficient. In fact, the drop in the friction coefficient was found through experiments in some studies [12,13,14]. However, the mechanism of this drop is still somewhat unclear in the literature. Recht claimed that the reason for this drop is the melting of the asperities of the workpiece at the tool–chip interface [15]. From a different point of view, Wang et al. argue that workpiece embrittlement and/or decreasing adhesion at this surface may be responsible for the drop [16]. On the other hand, the authors have a slightly different perspective: the occurrence of melting should depend mainly on the material even at extremely high speed, and heat softening in the secondary plastic deformation zone should be responsible for the friction coefficient drop in those cases where melting does not occur. Note that the term “melting” is used to refer to partial melting where part of the alloy begins to melt at the solidus temperature of that alloy. The drop also indicates that the compressive force on the rake face does not drop so much, which corresponds to the above-mentioned fact, i.e., the tool–chip interface becomes much hotter than the shear zone. For example, it was confirmed through experiments that the tool–chip interface temperature of difficult-to-cut materials, e.g., Ti-6Al-4V and Inconel 718 alloy, almost reached their melting points at high cutting speeds [17]. On the other hand, aluminum alloys are relatively soft and highly heat-conductive, and melting should be difficult; in fact, the melting point was not reached [17]. Note that a ceramic tool (Al2O3) with a relatively dull cutting edge and low heat conductivity was used in these experiments. Other studies conducted cutting of aluminum alloys at cutting speeds of over 4750 m/min [4,18], but they did not collect the data of the cutting temperature at the tool–chip interface and did not confirm/discuss the drop of the friction coefficient. In summary, the authors believe that the following points have not been clarified yet in the literature: (1) the fact that heat softening must be considered in the secondary plastic deformation zone rather than the primary plastic deformation zone, (2) reason and supporting data for the friction coefficient drop in relatively soft and highly heat-conductive materials such as aluminum alloy, and (3) characteristics of the temperature rise at the tool–chip interface at high speeds in those materials. They all contribute to the clarification of the cutting mechanics at high cutting speeds.



In this paper, the mechanics of extraordinarily high-speed cutting (EHS cutting), in which the tool–chip interface temperature is high enough to reach the softening/melting point of the workpiece material, are investigated. To better understand the mechanics and affecting parameters of EHS cutting, a simple analytical model is constructed to estimate the cutting temperature in the EHS cutting region, and experiments are conducted against aluminum alloy along with the measurement of the average cutting temperature and forces. In the experiments, the effects of the cutting speed, feed per revolution, and rake angle are evaluated, and a friction coefficient drop to 0.170 is confirmed in the EHS cutting region. The measured cutting temperature shows a gradually increasing trend in this region, which agrees with the estimated one, and it is confirmed that the heat softening occurs in the secondary plastic deformation region rather than the primary plastic deformation region. Furthermore, it is applied to dry cutting utilizing non-coated carbide tools; the cutting fluid and tool coating have no meaning in EHS cutting and can be eliminated, realizing environmentally friendly cutting.




2. Mechanics/Application of Extraordinarily High-Speed Cutting and Analysis of Cutting Temperature in EHS Cutting


2.1. Understanding of Mechanics and Application to Dry Cutting of Aluminum Alloy with Non-Coated Tool


To begin with, experimental results from the literature and results from the present paper are further examined here. Figure 2 shows the relationship between the cutting speed and the cutting temperature at the tool–chip interface when machining various materials by a ceramic tool with a rake angle of −8 deg, which was summarized by Ueda et al. [19]. The cutting temperature is measured by a two-color pyrometer in which the sensing surface of the optical fiber is directed towards the rake face near the cutting edge, that is, the temperature close to the highest temperature is detected according to its measurement principle [20]. The solid lines indicate the predicted results of the cutting temperature with the assumption that it is proportional to the 0.5-th power of the cutting speed. Note that this exponent was derived by dimensional analysis [19]. As shown in the figure, the behavior of the cutting temperature differs depending on the type of the material. Ti-6Al-4V exhibits two trends: at a cutting speed below 400 m/min, the temperature has a power function trend and rapidly rises close to the melting point of the material as shown by the solid line, and then it saturates slightly below the melting point as shown by the broken line. In contrast, aluminum alloy and steel exhibit a similar former trend, but the latter trend differs greatly; their melting points are not reached and a dull rising behavior can be exhibited.



Correlated to these results, the relationship between the specific cutting energy   k s =   F   p   /   b f    , which is the energy necessary to cut a unit volume of the material, and the specific melt-beginning energy     q   c   = ρ c   θ   m    , which is the energy needed to heat the material per unit volume to its melting point, is shown in Figure 3. Here,     F   p     is the principal cutting force,   b   is the cutting width,   f   is the feed per revolution (uncut chip thickness),   ρ   is the density of the workpiece material,   c   is the specific heat capacity of the workpiece material, and     θ   m     is the melting point of the material.   k s   of aluminum alloy (7050-T7451) with a carbide tool is identified from the experiments in this paper, and those of Ti-6Al-4V with an alumina tool [21], C45 with a carbide tool [22], and Inconel 718 with a SiAlON tool [23] are cited from the literature. Note that the term “melt-beginning energy” refers to the energy needed to raise the temperature of the material to the solidus temperature where partial melting of the alloy begins. For simplicity, the term “melting point” will be used instead of “solidus temperature” to understand the image. From Figure 3, it can be observed that   k s   and     q   c     are close values for each case, but the behavior during cutting differs from the relationship between them; the authors believe that this relationship is important to categorize the high-speed cutting according to their behaviors mainly depending on the workpiece material and to investigate its effect on the machining regime. Note that the behavior is also dependent on tool properties such as heat conductivity and geometry.



In the cutting in the region of   k s >   q   c    , e.g., Ti-6Al-V with a dull alumina tool, the cutting temperature rises to the melting point and saturates along with the increase in the cutting speed, as shown in Figure 2. Even if more cutting energy is input by increasing the cutting speed, the temperature cannot be increased further since melting has been achieved, which requires incremental energy. This melting was the idea that Recht mentioned [15].



On the other hand, the cutting temperature of materials in the region of   k s <   q   c    , e.g., aluminum alloy with a sharp carbide tool, does not rise to the melting point, which is also shown in Figure 2. This is because the chip temperature cannot reach the melting point since the specific cutting energy is not sufficient even if 100% of it flows into the chip, and the temperature gradient cannot be large enough due to high heat conductivity. However, it needs to be pointed out that the temperature of the shear zone is not that high; even if more cutting energy is input, the shear zone temperature does not increase since almost all of the shear heat and friction heat flow into the chip at high speeds. In such a situation, the heat softening at the tool–chip interface needs to be considered rather than softening in the shear zone for correct consideration of the cutting mechanics at these speeds. For this reason, the compressive force should not decrease much, whereas the friction force should decrease largely; the friction coefficient decreases. Note that the tool–chip interface temperature in the region of   k s <   q   c     does not saturate but increases gradually with the increase in the cutting speed; see the aluminum alloy with a carbide tool in Figure 2. This is because the chip flow or friction speed increases, and the temperature gradient increases gradually.



In this research, the region of   k s >   q   c     is called the melt-lubricating region, and that of   k s <   q   c     is called the heat-softening region; see Figure 3. In addition, the cutting at which the tool–chip interface temperature saturates to the melting point or the power function trend becomes a gradual increase is called extraordinarily high-speed cutting (EHS cutting). Note that the boundary between the two regions can move depending on the pressure, heat conductivity, speed, and low-melting-point inclusions. High pressure generally increases the melting point [24], and high heat conductivity decreases the temperature gradient in the chip; both decrease the occurrence of melting and the heat-softening region spreads. On the other hand, high speed increases the temperature gradient, and low-melting-point inclusions, e.g., Pb, Bi, and CaO, begin melting under the melting point of the alloy and cause lubrication; the melt-lubricating region spreads. As mentioned repetitively, the melting or heat softening of the material, especially in the tool–chip interface, has a great effect on the EHS cutting mechanics. Note that parameters other than the cutting speed affect the cutting temperature, e.g., feed per revolution (uncut chip thickness), rake angle of the tool, and thermal characteristics of the tool/workpiece (thermal conductivity for continuous cutting and thermal diffusivity for intermittent cutting). However, the cutting speed has the largest effect, and hence, the categorization naming is based on the term “speed”.



Meanwhile, the degree of heat softening is another point of interest. To discuss this point, the temperature dependency of the ultimate tensile strength of Al-Zn-Mg (7000 series) aluminum alloys is shown in Figure 4 [25,26]. These alloys are commonly used in aircraft structural parts, in which their hardness is increased by age-hardening at room temperature. As shown in the figure, the strength decreases against the temperature, and above 350 °C, the strength drops to less than 10% of that of the room temperature. For reference, the solidus temperature of this alloy is 490 °C [27], and its strength is less than 5% of that of the room temperature. To simply evaluate the degree of heat softening, the average cutting temperature is estimated under the assumption that all of the cutting energy is used for heating the chip in EHS cutting, that is, this temperature can be calculated by dividing the specific cutting force in the cutting-speed direction     K   p     by the product of the density   ρ   and specific heat capacity   c   of the targeted alloy in this paper (7050-T7451). The parameters shown in Table 1 are utilized where the specific cutting force is obtained in the experiments in this paper and properties of the material are obtained from the literature [28,29]. The calculated average cutting temperature rise is 262.48 °C; the strength of the material at the tool–chip interface reduces greatly according to Figure 4, resulting in a great decrease in the friction force. Note that it is expected for the temperature of the tool–chip interface to be much hotter than this temperature because of the large temperature gradient at high speed, and the shear zone temperature is expected to be smaller than this temperature because of the heat flow into the chip together with the material flow. A more accurate temperature estimation in EHS cutting is conducted in the next chapter. If such a large decrease in the friction force is successively achieved in the EHS cutting of aluminum alloys, there is a possibility that the cutting fluid and coating can be eliminated. This should greatly contribute to carbon-neutral manufacturing, and its feasibility will be investigated in the experiments of this paper.




2.2. Analysis of Cutting Temperature in EHS Cutting of Heat-Softening Region


In order to investigate the EHS cutting phenomenon in the heat-softening region more deeply, the measured cutting temperature is compared with a simplified theoretical value using the measured force, chip thickness, and chip contact length. For simplicity, it is assumed here that during EHS cutting, 100% of the shear heat and friction heat flow into the chip, which is a reasonable assumption at high cutting speeds [30]. Another assumption is that the chip thickness is large enough to apply Jaeger’s solution (34) for a moving heat source (friction heat) on a semi-infinite body (chip) [31] since the friction heat hardly reaches the free surface of the chip at high speed, as shown in Figure 1. Under these assumptions, the average cutting temperature     θ  ¯    at the tool–chip interface can be calculated by the following equation:


        θ  ¯  ≡   θ   0   + ∆     θ  ¯    s   +     ∆     θ  ¯    f   =   θ   0   +      U   s     ρ c   V   c   f b    +    1.064   U   f     λ a b        K   a   2       V   f              =   θ   0   +      F   r     cos     ϕ + β − α       cos     α       ρ c f b   cos     ϕ − α        +    1.064   F   r     sin   β    K   V   c       sin   ϕ       cos     ϕ − α          λ b  2 a          



(1)







Here,     θ   0     is the ambient temperature,   Δ     θ  ¯    s     is the temperature increase by the shear deformation in the shear zone,   Δ     θ  ¯    f     is the temperature increase by the friction in the tool–chip interface,     U   s     is the shear energy per unit time,     U   f     is the friction energy per unit time,     V   c     is the cutting speed,     V   f     is the speed of chip flow,   f   is the feed per revolution,   b   is the cutting width,   a   is the chip contact length,   ρ   is the density of the workpiece,   c   is the specific heat capacity of the workpiece,   λ   is the thermal conductivity of the workpiece,   K   is the thermal diffusivity of the workpiece,     F   r     is the resultant cutting force,   ϕ   is the shear angle,   β   is the friction angle, and   α   is the rake angle. The resultant cutting force and friction angle are calculated from the measured cutting forces (principal force     F   p     and thrust force     F   t    ), i.e.,     F   r   = √       F   p     2   +     F   t     2      ,   β =     tan   − 1           F   t    /    F   r         + α   in which the latter one also uses the rake angle   α = 10   d e g  . The shear angle is calculated from the measured chip thickness   t   and uncut chip thickness   f   using the rake angle, i.e.,   ϕ =     tan   − 1          γ   cos   α     1 − γ   sin   α            in which the cutting ratio   γ =   f  /  t    , and the chip contact length is measured from direct observation of the rubbed mark on the rake face after cutting, which is 0.43 mm. The ambient temperature is set to 20 °C (room temperature). The analyzed results will be compared and discussed with the experimental results. Note that Equation (1) can be obtained by transforming the model proposed by Loewen and Shaw [32] with the same assumptions.





3. Experimental Method


Turning experiments are conducted to investigate the mechanics of EHS cutting and the possibility of its application to dry cutting of aluminum alloys. In these experiments, the average cutting temperature is measured by the tool–workpiece thermocouple method, and the cutting forces are measured to mainly evaluate the friction coefficient. A precise explanation of the components of the experiments follows in the rest of this chapter.



3.1. Thermoelectromotive Force Calibration


The classical tool–workpiece thermocouple method is employed to measure the cutting temperature [33], and the thermoelectromotive force (TEMF) generated between the tool and workpiece is measured. The test material of the workpiece side is the same as that used in the cutting experiment. The test material of the tool side is K10-15-type alloy (MD10, Tungaloy Corp., Iwaki, Japan) with approximately the same cobalt content rate and tungsten carbide grain size as that used in the cutting experiment. The experimental setup is shown in Figure 5. The test material of the tool side is fixed and pressed by the load device from the workpiece side. To measure the true temperature at the hot junction, a K-type thermocouple is placed near that junction in the center of the electric furnace. The measured calibration curve is shown in Figure 6, and the approximated second-order polynomial is used in the experiments.




3.2. Experimental Setup and Conditions


Intermittent end-face turning experiments, which imitates the practical milling process, are conducted to investigate into the EHS cutting mechanics. Figure 7 and Figure 8 show a photograph and schematic of the experimental setup, respectively, where a CNC turning center (LB3000 EX, OKUMA Corp., Oguchi, Japan) is used in a spindle speed range of 6 to 5000 min−1.



The workpiece is 7050-T7451 aluminum alloy, whose thickness (equal to the cutting width) is 6.4 mm and chord length is 80 mm. Two ends of the workpiece are cut in one revolution, and the workpiece is sufficiently rigid in the cutting and depth-of-cut directions and fixed to the lathe chuck via a fixture. Two types of fixtures shown in Table 2 are designed depending on the cutting/rotational speed. The fixtures are specially manufactured for extraordinarily high-speed cutting; the balance quality grades are less than G2.5 at 5000 min−1 with balance-adjustable bolts. The cutting angle range shown in Table 2 is the angle range at which one end of the workpiece is machined in one revolution, and it is used later on to calculate the average force/temperature in one revolution. Note that the smaller value corresponds to the larger workpiece diameter, e.g., the cutting angle range of 26.1 deg of the large fixture corresponds to the workpiece diameter of 354 mm.



The insert material is K05-type super micro-grain cemented carbide (KS05F, Tungaloy Corp.), which is commonly used for the cutting of aluminum alloys. The cutting tool is also sufficiently rigid and fixed to the turret via a dynamometer (9257B, Kistler Holding AG, Winterthur, Switzerland). Four types of tools with different rake angles and coatings shown in Table 3 are designed for the experiments combining three types of holders (Tungaloy Corp.) and four types of inserts. Note that the clearance angle is made constant by the combination of the inserts and holders. There are no chip breakers on the rake face, and the non-coated tool is lapped to be a mirror surface to have a sharp cutting edge. The coating is a diamond-like carbon (DLC) type (AC-X∙W, ONWARD GIKEN Co., ltd, Nomi, Japan), and the coating thickness is set as 1 µm. To exclude the individual differences in the roundness of the cutting edge, only a single insert is used for each tool. Note that tool wear can be ignored in the experiments since aluminum alloy causes only small wear.



The cutting temperature and cutting forces are measured/evaluated, and values such as the average friction coefficient and average shear stress at the shear plane are calculated. The cutting temperature is achieved by the measured TEMF between the tool and workpiece; see Figure 7 and Figure 8, and the calibration curve shown in Figure 6. A brass shaft mounted on the workpiece contacts a fixed brass plate mounted on a steel plate attached to the tailstock. The shunt resistor is placed at room temperature and surrounded by aluminum foil to suppress the effect of peripheral electromagnetic radiation. The internal resistance between the tool side and workpiece side is r   = 4.3   Ω  , and the shunt resistance is R = 100 Ω. The measured voltage data V are converted to the TEMF by considering both resistance values, i.e.,   T E M F =   1 +    r   R      V  . To eliminate the motor-relevant noise on the measured TEMF, the workpiece/tool is insulated from the spindle/turret by sandwiching bakelite sheets on their contact surfaces, and the turret is grounded. Contact of different metals other than between the tool-and-workpiece combination occurs between the carbide insert and steel holder, steel holder and brass cable, aluminum workpiece and brass shaft, and brass plate and steel plate, but the effect of the temperature rise at these contact surfaces is suppressed as much as possible by using only the first few revolutions of the cutting data, where only the vicinity of the cutting point is heated up. Note that the distribution of the heat/temperature and shear stress at the shear plane and tool–chip interface affect the cutting process, but their averaged values are still valuable to understand the mechanics from a broad perspective.



The experimental conditions shown in Table 4 are used in the experiments. Four types of experiments are conducted to investigate EHS cutting. Firstly, the cutting speed is varied using tool T1 to verify the behavior in the EHS cutting of aluminum alloys. The cutting speed is varied from 70 to 5184 m/min, where the upper limit is based on the maximum spindle speed (33,000 min−1) of the latest high-speed machine tools for aircraft aluminum parts and a large-diameter cutter (e.g., 50 mm) practically used in such machines. Secondly, the feed per revolution is varied using tool T1 with the cutting speed set as 1465 m/min. The feed per revolution is varied from 0.005 to 0.2 mm/rev. Thirdly, the rake angle is varied using tools T1, T2, and T3, where the rake angles are +10, 0, and −10 deg, respectively, and the cutting speed is varied as in the first experiment. The latter two experiments are conducted to investigate the effect of cutting parameters other than the cutting speed. In addition to these experiments, an experiment to confirm the proposed dry cutting using a non-coated tool (tool T1) is conducted in comparison with wet cutting using a DLC-coated tool (tool T4), and the cutting speed is varied as in the first experiment. For the wet cutting, emulsion-type cutting fluid is supplied externally through a nozzle.



Figure 9 shows an example of the measured data of one spindle revolution. As shown, the cutting temperature and cutting force fluctuate, and the latter one especially fluctuates largely due to the dynamic response of the dynamometer at high speed. Hence, the cutting temperature/force is calculated/evaluated by dividing the average values of one revolution by the duty ratio, i.e., the ratio of the cutting angle ranges (shown in Table 2) of both ends of the workpiece to 360 deg.





4. Results and Discussion


4.1. Effect of Cutting Speed and Comparison between Measured and Analyzed Cutting Temperatures


Figure 10 shows the results against the cutting speed. The top-left graph of this figure shows the cutting temperature, and a power-function curve fitting the data below   2000   m/min is also shown where the best-fit exponent of this curve is 0.24. The rate of temperature rise decreases significantly above     V   c   = 2000   m/min (cutting temperature of   θ =   500 °C). This temperature is close to the melting point (solidus temperature) of 7050-T7451 aluminum alloy at atmospheric pressure, but considering that this temperature is the average temperature, the temperature in the sticking zone, which dominantly affects the friction force, is much lower as shown in Figure 1, and this zone may not reach heat softening. In addition, the melting point generally increases under extremely high pressure, e.g., increases to 867 °C at 2.2 GPa [24]. Above 2000 m/min, which is considered to be the EHS cutting region, the analyzed cutting temperatures (see Equation (1)) are plotted as cross marks in Figure 10. Additionally, the ambient temperature     θ   0    , the temperature rise by the shear heat   Δ     θ  ¯    s    , and the temperature rise by the friction heat   Δ     θ  ¯    f     are plotted in Figure 10. It can be observed that the experimental and analyzed results agree well, considering the simplicity of the analytical model. Note that the increased friction speed and intensifying heat/temperature gradient in the thickness direction of the chip by the increased cutting speed cause the cutting temperature to rise gradually, and it should rise in this trend until it reaches the melting point at high pressure.



This indicates that the dull temperature rise in the EHS cutting in the heat-softening region can be explained by Jaeger’s theory with assumptions that 100% of the shear and friction heat flow into the chip and that the chip thickness is large enough. In this situation, the calculated temperature     θ   0   + Δ     θ  ¯    s     right after the shear deformation is not that high, e.g., 235.7 °C for a cutting speed of 2143 m/min; the temperature at the shear zone is further smaller. This implies that extreme heat softening occurs only in the vicinity of the rake face and not at the shear zone. In fact, this can be observed in the calculated shear/friction energies, measured forces, average friction coefficient   μ =   tan       atan       F   t   /   F   p       + α      , average shear stress at shear plane     τ   s   =     F   r     cos     ϕ + β − α       sin   ϕ    /    f b      , and specific cutting energy shown in the rest of the figure. Note that the cutting forces include the edge force by the plowing process, but it is small and negligible because a sharp cutting edge is used. Note also that the friction coefficient and shear stress have a distribution depending on the position in their zones, but their average values are sufficient to discuss the possible changes in the cutting process. It can be observed that the average shear stress at the shear plane does not reduce at high speed, though it reduces by 11.4% at low speed, and because of this characteristic, the shear energy increases linearly against the cutting speed; the shear plane does not heat up much. On the other hand, the average friction coefficient in the heat-softening region is   μ =   0.170, which is extremely small compared to that of the lowest cutting speed, i.e.,   μ =   0.569, and because of this characteristic, the friction energy does not increase linearly against the cutting speed. These results indicate that the heat softening occurs significantly only at the tool–chip interface and not much in the shear zone. Note that the temperature rise by the friction heat is larger than that of the shear heat even though the shear energy is larger. This is because the shear heat increases the temperature of the entire chip, whereas the friction heat only increases the vicinity of the chip surface on the rake-face side.



For further investigation, the average friction coefficient is compared with the heat-softening characteristic of the aluminum alloy, as shown in Figure 11. Figure 4 and the friction coefficient are combined into one figure, and the vertical axes are scaled so that the highest values are the same because they should correspond to each other without heat-softening. As can be observed, both trends agree well, meaning that the friction coefficient drop can be explained by the heat-softening phenomenon. Note that the trend shifts to the high-temperature side in the cutting experiment. This is because the temperature in the sticking zone is much lower than the average one (measured one), and heat softening in the sticking zone may not be reached. However, this zone predominantly affects the friction force and hence the shift may have occurred. Another possibility is that the heat-softening characteristic itself may have shifted to the high-temperature side in the extremely high-pressure environment, as can be inferred from the pressure-dependent state diagram [24].



In summary, the following three points have been clarified through these experiments and analysis: (1) heat softening must be considered in the secondary plastic deformation zone rather than the primary plastic deformation zone, (2) this heat softening is responsible for the friction coefficient drop in relatively soft and highly heat-conductive materials, and (3) a gradually rising trend of the cutting temperature is observed in the heat-softening region due to the increased friction speed and heat.




4.2. Effect of Feed Per Revolution


Figure 12 shows the experimental results against the feed per revolution, and a power function curve is fit against the cutting temperature using all of the measured points. In general, the feed per revolution has less effect on the cutting temperature than the cutting speed, which can be observed in the difference in the best-fit exponent of the power function, i.e., it is 0.14 for the feed per revolution and 0.24 for the cutting speed under the present conditions. According to this experiment, by increasing the feed per revolution to 0.2 mm/rev, a cutting temperature of around 500 °C can be reached; the same heat softening observed in the results in Figure 10 (at a cutting speed of     V   c   = 2000   m/min) can be achieved even at a cutting speed of     V   c   = 1465   m/min. Regarding the forces, the principal force increases according to the increase in the cross-sectional area of the uncut chip. On the other hand, the thrust force increases to a feed per revolution of 0.05 mm/rev by this effect, but the heat-softening effect at the tool–chip interface becomes large, and the thrust force shows a decreasing trend over a feed per revolution of 0.05 mm/rev.




4.3. Effect of Rake Angle


Figure 13 shows the experimental results against the cutting speed and rake angle. In general, the machinability decreases as the rake angle decreases, i.e., the cutting edge becomes dull, and the cutting temperature increases. This trend can be observed from the measured cutting temperature and forces. Hence, the large friction coefficient drop in EHS cutting can be realized at a relatively lower cutting speed with a smaller rake angle. Specifically, EHS cutting can be realized around the cutting speed of     V   c   = 1294   m/min with a rake angle of   α = 0   deg and around the cutting speed of     V   c   = 954   m/min with a rake angle of   α = − 10   deg. Note that the sticking zone in the vicinity of the cutting edge generally increases with a decrease in the rake angle, and the average friction coefficient at the tool–chip interface decreases [34]; this effect mixes with the temperature increase effect.




4.4. Comparison between Dry Cutting with Non-Coated Tool and Wet Cutting with Coated Tool


From the results shown in Figure 10, Figure 11, Figure 12 and Figure 13, it can be said that an extremely low friction coefficient can be achieved in the EHS cutting region. In this region, cutting fluid and coating, which reduce friction, should be unnecessary. Hence, friction/adhesion-less dry cutting with a non-coated tool can be realized by EHS cutting. To confirm this concept, dry cutting with a non-coated tool, i.e., the proposed application, and wet cutting with a DLC-coated tool, i.e., conventional cutting, are compared by experiments. Figure 14 shows the wet cutting process with external cutting fluid applied through a nozzle.



Figure 15 shows the cutting forces, average friction coefficient, and cutting ratio, where the cutting ratio is the ratio of the uncut chip thickness to the chip thickness. In the cutting-speed region of     V   c   ≤ 2000   m/min, the thrust force and average friction coefficient in wet cutting with the DLC-coated tool are smaller than those in dry cutting with the non-coated tool, which means that the cutting fluid and coating are effective. In contrast, those in dry cutting with a non-coated tool are relatively large in this region since the workpiece tends to adhere to the rake face and cutting edge. Therefore, it can be said that the cutting fluid and coating are essential for the cutting of aluminum alloys by cemented carbide tools in this speed region. However, in the EHS cutting region of     V   c   > 2000   m/min, there is almost no difference in the cutting forces and the average friction coefficient of the two situations, that is, the DLC coating and coolant have no effect in this region. This means that heat softening at the tool–chip interface in the EHS cutting of aluminum alloys can completely replace the coating and cutting fluid. Note that this fact can also be observed in the measured cutting ratio since the values are nearly the same in the EHS cutting region for both conditions.



Figure 16 shows the machined surfaces, disposed chips, and rake faces after cutting at a cutting speed of     V   c     = 5184 m/min with/without cutting fluid and coating. The roughness of the machined surfaces is measured by a surface-measuring machine (FORMTRACER Avant S3000, Mitutoyo Corp., Kawasaki, Japan), and it is confirmed that both situations have nearly the same surface roughness. Both chips are short in length with almost no curl, and there is no difference between them. In addition, there is only a small difference in the rubbed mark left on the rake face, and no wear can be observed in either condition. In addition, there is no existence of a built-up edge on the cutting edges, which can also be assumed from the smooth rake-face side of the chips and the continuity of the lines in the cutting direction on the finished surfaces. Hence, these results show that friction and adhesion in dry cutting with a non-coated tool can be suppressed successfully by EHS cutting, and cutting fluid and coating can be eliminated for carbon-neutral manufacturing. This also means that the tool requirement level should become lower since coating is unnecessary. Note that chipping of the carbide tool during long-run cutting at high speeds may be a future task, as reported in the literature [35], though no chipping is observed at least in the experiments of the present paper.





5. Conclusions


Extraordinarily high-speed cutting mechanics were investigated in this research. Based on the investigated mechanics, dry cutting of aluminum alloys with non-coated carbide tools was proposed as an application. The investigated/achieved results are summarized as follows:




	
EHS cutting was categorized into two regions focusing on the specific cutting energy   k s   and specific melt-beginning energy     q   c    : (1) melt-lubricating region (  k s >   q   c    ) in which partial melting occurs and (2) heat-softening region (  k s <   q   c    ) in which heat softening occurs. This research mainly focused on the latter region, and it was determined that a sufficiently high cutting temperature causes heat softening at the secondary plastic deformation zone rather than at the primary plastic deformation zone.



	
A simple analysis of the cutting temperature and experiments on soft and highly heat-conductive aluminum alloy were conducted to observe the mechanics. In the experiments, the cutting temperature and cutting forces were measured with varied cutting speed, feed per revolution, and rake angle. In the cutting-speed region of     V   c   ≤ 2000   m/min, the cutting temperature showed a power function-like trend, and at the region of     V   c   > 2000  , it changed to a gradually increasing trend.



	
The trend of gradual increase in cutting temperature agreed well with the analytical one based on Jaeger’s theory with assumptions that 100% of the shear and friction heat flow into the chip and that the chip thickness is large enough, and the increased friction speed and the intensifying heat/temperature gradient in the thickness direction of the chip were responsible for the gradual increase.



	
The average friction coefficient dropped from 0.569 at the lowest cutting speed to 0.170 in the EHS cutting region, whereas the average shear stress at the shear plane did not change much. Due to these facts, it was confirmed that heat softening in the tool–chip interface was responsible for the friction coefficient decrease. It was also shown that a larger feed per revolution and smaller rake angle increased the cutting temperature and reachability of EHS cutting.



	
Application to dry cutting of aluminum alloys with non-coated carbide tools was proposed, focusing on the low friction coefficient in EHS cutting. Experiments were conducted to compare dry cutting with a non-coated carbide tool and wet cutting with a DLC-coated carbide tool, and it was confirmed that the cutting fluid and coating had an effect in the relatively low-cutting-speed region of     V   c   ≤ 2000   m/min. However, it was also shown that in the EHS cutting region of     V   c   > 2000   m/min, there was almost no difference between the two conditions; the cutting fluid and coating could be eliminated. Although other advanced methods in the literature, e.g., high-pressure coolant systems and laser-assisted machining, can improve the cutting process, they require enormous additional energy compared to conventional wet cutting using coated tools. On the other hand, EHS cutting improves the cutting process greatly in an energy-friendly manner owing to the eliminated cutting fluid and coating. Hence, the proposed application can contribute to carbon-neutral manufacturing. Note that chipping of the carbide tool during long-run cutting in high speeds may be a future task as reported in the literature.



	
In this research, EHS cutting was applied to aluminum alloys. As for other soft and highly heat-conductive materials, e.g., copper alloy and magnesium alloy, EHS cutting should be able to be realized as it was for aluminum alloy. As for hard and lowly heat-conductive materials, e.g., titanium alloys and high-strength steels, the heat-softening points of these are usually large, e.g., around 600 °C for titanium alloy [36] and around 700 °C for (stainless) steel [37]. Although EHS cutting should be realized for these materials, tool wear may become a problem at such high temperatures. In those situations, utilizing highly heat-resistant tool materials such as ceramic and cBN may be one solution, where tool properties such as sharpness of the cutting edge and thermal conductivity should also be considered since they affect the reachability of EHS cutting.
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Figure 1. Schematic of cutting process and cutting temperature distribution [2]. 
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Figure 2. Influence of cutting speed on cutting temperature in dry cutting with Al2O3 ceramic tool [19]. 
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Figure 3. Relation between specific cutting energy   k s   and specific melt-beginning energy     q   c    . 
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Figure 4. Tensile property of aluminum alloys against temperature [25,26]. 
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Figure 5. Schematic illustration of calibration system of thermoelectromotive force. 
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Figure 6. Result of TEMF calibration curve between 7050-T7451 alloy and cemented carbide. 
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Figure 7. Photographs of experimental setup for milling-like turning experiments. 
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Figure 8. Schematic of experimental setup. 
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Figure 9. Example of thermoelectromotive force and cutting forces in one spindle revolution at cutting speed Vc = 5184 m/min, feed per revolution f = 0.15 mm/rev, and dry cutting with non-coated carbide tool. 
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Figure 10. Effects of cutting speed     V   c     on temperatures, cutting forces, average friction coefficient, average shear stress at shear plane, and specific cutting energy at feed per revolution f = 0.15 mm/rev, dry environment, and non-coated tool. 
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Figure 11. Comparison of ultimate tensile strength against temperature and average friction coefficient   μ   against cutting temperature in dry environment and with non-coated tool. 
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Figure 12. Effects of feed per revolution   f   on cutting temperature and cutting forces at cutting speed     V   c     = 1465 m/min, dry environment, and non-coated tool. 
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Figure 13. Effects of rake angle   α   and cutting speed     V   c     on cutting temperature, cutting forces, and average friction coefficient at feed per revolution   f = 0.15   mm/rev, dry environment, non-coated tool. 
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Figure 14. Photograph of conventional cutting process with external cutting fluid. 
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Figure 15. Comparison of cutting forces, average friction coefficient, and cutting ratio between dry cutting with non-coated tool and wet cutting with DLC-coated tool. 
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Figure 16. Photographs of (a) machined surfaces, (b) chips, and (c) rake faces after cutting at cutting speed     V   c   =   5184 m/min. 
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Table 1. Parameters used for prediction of cutting temperature [28,29].
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Cutting conditions

	
Feed per revolution   f   [mm/rev]

	
0.15




	
Cutting width   b   [mm]

	
6.4




	
Identified parameter

	
Specific cutting force in principal direction     K   p     [MPa]

	
713.54




	
Properties of 7050-T7451

	
Density   ρ   [g/cc]

	
2.823




	
Specific heat capacity   c   [J/(kg∙°C)]

	
962.964




	
Thermal conductivity   λ   [W/(m∙°C)]

	
157.497




	
Thermal diffusivity   K =   λ  /  ρ c     [mm2/s]

	
57.936




	
Melting (solidus) temperature     θ   m     [°C]

	
490











 





Table 2. Details of fixtures.






Table 2. Details of fixtures.





	Fixture Type
	Large
	Small





	Fixture diameter [mm]
	290
	160



	Fixture mass [kg]
	13.26
	4.41



	Cutting speed range [m/min]
	>1500
	<1500



	Workpiece diameter range [mm]
	354 to 292
	255 to 162



	Cutting angle range (one end) [deg]
	26.1 to 31.8
	36.6 to 59.2










 





Table 3. Details of tools.
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Tool Type

	
T1

	
T2

	
T3

	
T4






	
Rake angle [deg]

	
10

	
0

	
−10

	
10




	
Clearance angle [deg]

	
17

	
17

	
17

	
17




	
Coating

	
Non-coated

	
DLC




	
Cutting edge radius [µm]

	
Approximately 5

	
Approximately 6




	
Rake surface

	
Lapped (    R   z     0.03   μ m )  

	
Lapped and

then coated











 





Table 4. Experimental conditions.
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	Experiment Type
	Tool Types
	Fixture Types
	Fixed Conditions
	Varied Conditions





	Cutting speed
	T1
	Large, Small
	Dry cutting

Feed per revolution   f  : 0.15 mm/rev

Rake angle   α  : +10 deg
	Cutting speed     V   c    : 70 to 5184 m/min



	Feed per revolution
	T1
	Small
	Dry cutting

Cutting speed     V   c    : 1465 m/min

Rake angle   α  : +10 deg
	Feed per revolution   f  : 0.005 to 0.2 mm/rev



	Rake angle
	T1, T2, T3
	Large, Small
	Dry cutting

Feed per revolution   f  : 0.15 mm/rev
	Cutting speed     V   c    : 70 to 5184 m/min

Rake angle   α  : +10, 0, −10 deg



	Cutting fluid and coating
	T1, T4
	Large, Small
	Feed per revolution   f  : 0.15 mm/rev

Rake angle   α  : +10 deg
	Cutting speed     V   c    : 70 to 5184 m/min

Cutting fluid: dry, wet

Tool coating: non-coated, DLC-coated
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