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Abstract

:

Titanium alloys are extensively utilized in the aerospace industry due to their exceptional properties, encompassing high specific strength and corrosion resistance. Nevertheless, these alloys present inherent challenges as difficult-to-machine materials characterized by low thermal conductivity and high chemical reactivity. The machining of titanium alloys often gives rise to elevated cutting forces and temperatures, thereby resulting in compromised machining quality and substantial tool wear. This study explores the influence of the cutting-edge shape factor on tool performance and optimizes the cutting-edge structure through finite element simulation. Remarkably, the cutting performance of the tool demonstrates significant enhancement following cutting-edge passivation. Alterations in the geometric shape of the cutting-edge after passivation exert a notable impact on the tool’s cutting performance, with a superior performance observed for shape factor K > 1 compared to alternative edge structures. Additionally, numerical simulation is employed to analyze the influence of passivation values Sγ and Sα on cutting force and temperature, which are crucial factors affecting cutting performance. The results underscore the significant impact of Sγ on cutting force and temperature. Furthermore, within the confines of maintaining an identical shape factor K, the blade segment group featuring Sγ = 40 μm and Sα = 25 μm exhibits the lowest maximum cutting temperature, thereby indicating the optimal tool design attainable through this study.
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1. Introduction


Titanium alloys possess excellent properties, such as high specific strength, corrosion resistance, and low-temperature toughness, making them a preferred choice for key components in aerospace engines [1,2,3]. The use of titanium alloys not only effectively prolongs the service life of the parts but also reduces the weight of the parts due to their low density, leading to a reduction in fuel consumption and a significant decrease in costs, while improving flight performance [4,5,6]. However, as the performance requirements for aviation engines continue to increase, higher demands are placed on their materials and manufacturing techniques. Titanium alloys, with their low thermal conductivity, small elastic modulus, and small deformation coefficient, are typical difficult-to-machine materials. During the cutting process of titanium alloys, severe material deformation and heat accumulation near the cutting-edge often occur, leading to tool wear and thus, affecting the machining quality [7].



Tool material, coating technology, and cutting-edge preparation techniques are important factors that affect the cutting performance of tools. With the development of mechanical manufacturing, cutting-edge preparation techniques have received great attention in the tool manufacturing industry [8,9]. These techniques can meet specific geometric shape requirements and solve microscopic geometric defects on the tool surface, effectively improving the tool’s service life and the machining quality of workpieces. Currently, the passivation method is commonly used to prepare cutting edges. However, the microscopic geometry of the tool edge obtained after passivation treatment is not identical, and the edge shape is not uniformly a regular transition radius [10]. The cutting edge of a tool plays a primary cutting role in machining. During the cutting process, the structural form of the cutting edge is directly related to the cutting performance and tool life. The geometric shape of the cutting edge directly affects the force-heat characteristics of the tool. When cutting workpieces, changes in the cutting-edge structure can alter the contact area between the tool and workpiece, leading to changes in cutting force [11]. Tugrul et al. [12] analyzed the influence of the blade edge shape on cutting force and surface integrity during the turning of AISIH13. It was found that reasonable blade edge shape parameters are beneficial for reducing surface roughness and cutting force in the machined surface. Pham and Tchigirinsky [13] revealed the correlation between tool wear patterns and the thermal–physical properties of materials, indicating that besides mechanical loads, thermal loads are also significant influencing factors on tool wear. Uhlmann et al. [14] used the passivation method to passivate the cutting edge of the tool and studied the influence of passivation parameters on tool wear. The study further verified that cutting with passivated tools can slow down the rate of wear. Alterations in the cutting edge can also cause changes in the extrusion and frictional action of the cutting edge on the workpiece, affecting changes in cutting temperature. In metal cutting processes, changes in physical quantities such as cutting force and cutting temperature can cause varying degrees of impact on tool cutting stability, tool life, and workpiece machining quality. Therefore, in cutting titanium alloys with a tool, the cutting-edge structure is a key influencing factor that affects both tool life and machining quality.



Denkena [15,16,17] proposed the shape factor method, usually referred to as the K-factor method. This method uses five parameters to determine the geometric shape of the cutting edge, as shown in Figure 1. The contour lines of the front and back surfaces are extended, and the intersection point of the extension lines is defined as the hypothetical cutting tip. The distance from the virtual cutting tip to the separation point on the front surface is defined as Sγ, which is called the front surface edge segment value. The distance from the separation point on the back surface to the cutting tip is defined as Sα, which is called the back surface edge segment value of the cutting tool. The geometric shape of the cutting edge is described by the ratio of Sγ to Sα, denoted as K, which is called the shape factor. If K = 1, the cutting edge of the tool is symmetrical; when K < 1, it means that the cutting edge of the tool tends to the back surface, which is called the waterfall type cutting edge; when K > 1, the shape of the cutting edge of tool inclines towards the front surface and is called the trumpet type cutting edge.



Due to the low thermal conductivity of titanium alloys, a large amount of heat accumulation is generated during the cutting process, which leads to an increase in temperature near the cutting edge of the tool, affecting the cutting performance and shortening the tool life. Therefore, in the study of the shape factors affecting tool cutting performance, it is necessary to monitor the cutting temperature [18,19]. However, there is still a great difficulty in accurately measuring the cutting temperature and its distribution in the cutting zone in both turning and milling processes [20]. With the development of computer technology, the numerical simulation analysis method has attracted the attention of many scholars in engineering [21,22,23,24,25,26]. The finite element method (FEM) has the advantages of high accuracy, low cost, and high efficiency. Compared with traditional analytical models, FEM is closer to the cutting deformation, heat transfer, and heat distribution in actual cutting processes. It is widely used in the field of metal cutting to study the material deformation process and the various factors that affect cutting. Aydın and Köklü [27,28] conducted the numerical study of chip formation and cutting force in high-speed machining of Ti6Al4V bases on FEM and explored the material removal mechanisms, such as ductile fracture, with more details.



Thus, in this paper, the objective it is to investigate the influence of cutting-edge shape factors on cutting performance. The Ti6Al4V is taken as the target, and proper cutting model with hard alloy tools is established using ABAQUS software (Dassault Systèmes, Paris, France) (version 2021). The 3D model is simplified into a 2D orthogonal cutting model. Different cutting-edge shapes are used in cutting simulations to investigate the changes in cutting physical quantities such as cutting force and temperature at the cutting edge during the cutting process. This analysis aims to improve the understanding of the edge mechanism, enhance tool life and machining quality, and provide theoretical support for studying tool wear mechanisms.




2. Model Development


2.1. Model Geometry and Boudary Conditions


The metal cutting process is a complex interaction between the cutting tool and the workpiece and is influenced by multiple factors. When conducting FEM analysis, it is advantageous to simplify the metal cutting process by only considering the major influential factors and ignoring some of the minor factors. Therefore, the actual 3D cutting process can be transformed into a 2D orthogonal plane strain problem for FEM analysis. The schematic diagram of the 2D orthogonal turning model used in this study is shown in Figure 2a. The workpiece size is 10 mm × 3.5 mm and is considered a deformable body. The tool is 2 mm wide and 3 mm high, with a rake angle of 5° and a clearance angle of 10°. In this study, only the cutting force and temperature were analyzed, and the tool was assumed to be rigid. As the focus of this paper is to investigate the effect of the shape factor of the cutting edge on the cutting performance of the tool, the geometric parameters of the tool edge were not fixed during FEM modeling. The cutting speed was set at v = 30 m/min and the cutting depth was fixed at ap = 1 mm. The initial temperature was set at 20 °C.



The ALE adaptive meshing method is used to partition the finite element model into meshes [29]. The workpiece is divided into three parts, and only the cutting area is meshed with high density. The middle part serves as a transitional area to prevent excessive distortion of the mesh during analysis. The mesh in the cutting layer is denser than that far from it, which ensures simulation accuracy while reducing computation time. Additionally, in actual cutting processes, the tool interacts with the workpiece, and the tool tip is involved in cutting. Therefore, during mesh partitioning, the front and back tool surfaces are seeded with an offset to make the mesh denser at the tool tip and sparser elsewhere, as shown in Figure 2. This meshing approach is more realistic. Three mesh sizes of 0.05, 0.1, and 0.2 mm were tested for mesh independence in the simulation cutting model. The calculation results of all three mesh sizes had deviations less than 5%, and a mesh size of 0.1 mm was chosen for subsequent simulation calculations, as shown in Figure 2a. To extract the cutting force and temperature values more accurately during the cutting process, the mesh elements of the tool and workpiece are coupled with a four-node plane strain element with temperature-displacement. The friction coefficient between the tool and workpiece in the finite element model is selected as 0.2 [30].



In addition, the boundary conditions in the finite element simulation are shown in Figure 2b. In the finite element analysis, to achieve the relative motion between the tool and the workpiece, the workpiece is fixed in place while the tool moves. Therefore, constraints are set on the left and bottom sides of the workpiece to limit the movement in the x and y directions. A velocity of 30 m/min to the left is applied to the reference point of the tool to simulate the cutting process.




2.2. Material Constitutive Model


During metal cutting, the mechanical properties of the material undergo dynamic changes accompanied by significant elastic–plastic deformation. It is difficult to describe the performance characteristics of all materials using a fixed material constitutive relationship. Therefore, in order to improve the accuracy of simulation calculations, a dynamic constitutive model must be selected in cutting simulation. Additionally, in the cutting process, materials often undergo elastic–plastic deformation under large strains, high strain rates, and cutting temperature conditions. This requires that when selecting the constitutive model, the influence of strain, strain rate, and temperature on material flow must be fully reflected [31]. Choosing a reasonable constitutive model can result in more accurate simulation results. Currently, there are two main types of material constitutive models commonly used in metal cutting simulations: empirical constitutive models such as the Johnson–Cook model (J–C model), and physics-based constitutive models such as the Zerilli–Armstrong model.



Among them, the J–C constitutive model can fully reflect the strain hardening, strain rate hardening, and thermal softening effects in the cutting process and more accurately describe the deformation of metallic materials. Therefore, in this study, the J–C material constitutive model was selected to simulate the metal cutting process. The mathematical relationship of the J–C constitutive model is shown below [32]:


  σ =  (  A + B  ε p n   )   (  1 + C l n   ε ˙      ε 0   ˙     )   [  1 −    (    T −  T 0     T  m e l t   −  T 0     )   m   ]   



(1)







The explanations of the relevant parameters of the J–C material constitutive equation can be found in Ref. [32] and user manual in ABAQUS, and in this paper the values of these parameters in Equation (1) are shown in Table 1. The properties of the hard alloy cutting tool and Ti6Al4V titanium alloy material are shown in Table 2.





3. Results and Discussion


To investigate the influence of cutting-edge geometry on cutting performance, other factors which may interfere with the research conclusions, i.e., other than the edge shape, need to be set to reasonable values. Based on the simulation analysis of cutting parameters, a cutting speed of v = 30 m/min and a cutting depth of ap = 1 mm were determined for the following simulation studies. Other model parameters were set as follows: a 5° rake angle; a 10° relief angle; and a 0° flank angle. To study the influence of cutting-edge geometry, simulations were first performed using multiple data points of shape factor ranging from K = 0.3 to K = 2.4 to analyze the effect of different K values on cutting performance and to obtain the ideal range of K. Next, different edge shapes were formed by using different edge segment values, Sγ and Sα. Using a fixed value of Sγ = 40 μm, Sα was set from 10 to 75 μm to analyze the influence of Sα on cutting performance. Similarly, using a fixed value of Sα = 40 μm, Sγ was set from 10 to 75 μm to study the influence of Sγ on cutting performance while keeping cutting conditions and parameters the same. Furthermore, in simulation, the cutting force is the average value of the contact zone between the cutting tool and workpiece, and the cutting temperature is the highest temperature in the contact zone between the cutting tool and workpiece.



3.1. Effect of Shape Factor on Cutting Performance


Figure 3 shows the influence curve of cutting force with the change of shape factor K. As shown in Figure 3a,b, it can be observed that within the range of K < 1, the cutting force F increases with the increase in shape factor K. Within the range of 1 < K < 2.3, the cutting force F first decreases and then increases with the increase in shape factor K. When K = 2, the cutting force F is the smallest.



Based on the simulation results, the influence curve of the shape factor K on cutting temperature is obtained. Analysis of Figure 4a,b reveals that within the K < 1 range, the cutting temperature first increases and then decreases with the increase in K; while within the K > 1 range, the cutting temperature first decreases and then increases with the increase in K. Within the range of 0.3 < K < 2.3, K = 0.7 corresponds to the highest cutting temperature among all K values studied, while K = 1.7 corresponds to the lowest maximum cutting temperature. Within the range of 1.6 < K < 1.9, the cutting temperature is the lowest among all studied ranges, which minimizes the possibility of adhesive wear of the tool. During the cutting process with a tool where 0.5 < K < 0.7, the maximum cutting temperature exceeds 800 °C, which exacerbates tool wear and affects tool cutting performance. When K > 1, the cutting temperature is generally lower, all below 800 °C, and it is less likely to cause tool wear compared to other cases, thus achieving better cutting performance of the tool.



Based on comprehensive analysis, changes in the geometry of the cutting edge will result in variations in cutting forces and temperatures during the cutting process. Compared with the effect of K on cutting forces, K has a more significant impact on cutting temperatures. When K < 1, the highest cutting temperature can exceed 800 °C, while the cutting heat generated by the K > 1 tool is lower than that of K < 1. Among them, in the range of 1.6 < K < 1.9, the highest cutting temperature is the lowest among all simulation results. Considering the decisive impact of cutting heat on tool wear, cutting temperature is the primary factor affecting tool cutting performance. Therefore, based on the study of the effects of different shape factors K on tool cutting performance, the preliminary conclusion is that the cutting performance of tools with K > 1 is better, and tool wear is less affected by cutting edge.




3.2. Effect of Sγ on Cutting Performance


The fixed value of Sα is 40 μm, and multiple different values of Sγ ranging from 10 μm to 75 μm are selected to investigate the influence of the value of the front edge segment on the cutting performance of the tool in the simulation analysis. The cutting force shows a decreasing trend in fluctuation with the increase in Sγ, as shown in Figure 5. This is because as Sγ increases, the contact area between the chip and the front edge surface increases, and under the same cutting force, the cutting force per unit area of the front edge surface participating in the cutting work decreases accordingly. When Sγ = 70 μm or K = 1.75, with Sα fixed at 40 μm, the cutting force during the cutting process is minimized.



As shown in Figure 6, the cutting temperature exhibits an upward and downward fluctuating trend as Sγ increases, with an overall temperature below 800 °C. At Sγ = 50 μm, i.e., K = 1.2, the cutting temperature is the lowest. This is because different cutting-edge structures have two opposite effects on cutting temperature during the cutting process. On the one hand, as Sγ increases, the actual rake angle involved in the cutting work is a negative rake angle and increases gradually, resulting in an increase in the compressive and frictional forces acting on the front cutting edge, which exacerbates material cutting deformation and generates more heat. Due to the low thermal conductivity and poor heat dissipation characteristics of titanium alloys, the heat is not easily dissipated, resulting in an increase in cutting temperature. On the other hand, as Sγ increases, the thermal volume and heat dissipation area of the tool’s front face increase, and hard alloy tools have good thermal conductivity, which can diffuse the heat generated by the tool tip during cutting to the entire tool, slowing down the temperature rise in the cutting-edge region. These two opposite effects cause the cutting temperature to fluctuate as Sγ increases.



Based on the comprehensive analysis of the effects of the front cutting edge segment value, Sγ, on the three key factors of cutting force, cutting temperature, and force amplitude, in order to ensure good cutting performance of the tool, the cutting zone should not be too large, the cutting temperature should be as low as possible, the fluctuation of cutting force should be minimized, and tool vibration should be reduced. The intersection of the reasonable values for the three factors yields a range of 50~70 μm for the front cutting-edge segment value, Sγ, with a shape factor of 1.25 < K < 1.75. In this range, the overall cutting performance of the tool is better.




3.3. Effect of Sα on Cutting Performance


The influence of the front cutting-edge segment value, Sα, on cutting force, cutting temperature, and force amplitude was studied while keeping Sγ fixed at 40 μm in the range of 10–65 μm. The influence of Sα on cutting force is shown in Figure 7. It can be observed that with the increase in Sα, the cutting force first decreases and then increases, but the overall change in cutting force is not significant, fluctuating around 10 N. The choice of different rear cutting edge segment lengths has little effect on the cutting force during the cutting process, and there is not much difference in the impact on tool wear. As Sα increases, the cutting temperature shows an upward trend, as shown in Figure 8. When Sα is 25 μm, the maximum cutting temperature on the tool during the cutting process is significantly lower than other conditions, indicating that Sα = 25 μm, i.e., K = 1.6, has less impact on the tool temperature and lower likelihood of tool wear, resulting in better cutting performance. This is because as Sα increases, the actual negative rake angle involved in the cutting work decreases, the plastic deformation of the workpiece material increases at the first deformation zone, and the resulting deformation heat increases. Moreover, as Sα decreases, the contact area between the rear cutting edge and the machined surface decreases, and the workpiece is subjected to less compression and friction, making it less likely to deform or rebound.



After a comprehensive analysis of the influence of the back rake angle, Sα, on the three factors mentioned above, to ensure that the cutting zone is not too large, the probability of tool chipping should be reduced; the cutting temperature should be as low as possible to reduce tool wear; and the fluctuation of cutting force should be minimized to reduce tool vibration. The intersection of the reasonable values of these three factors yields a more reasonable back rake angle, Sα, of 25 μm, with a shape factor of K = 1.6, which results in good overall cutting performance of the tool.




3.4. Effect of Sγ/Sα on Cutting Performance


Based on the above research and analysis, it is found that in the range of 1 < K < 2, the cutting force is suitable, the cutting temperature is low, the cutting force fluctuation is not significant, and the tool is not easily worn, resulting in a better surface quality of the machined part. In addition, when different combinations of Sγ and Sα are used to form different cutting-edge shapes for simulation analysis, it is found that the overall cutting performance of the tool is better when Sα is fixed at 40 μm and Sγ is in the range of 50–70 μm, or when Sγ is fixed at 40 μm and Sα is 25 μm. However, the above research only analyzes a single factor. In order to study whether different combinations of front and back cutting-edge segment values have an impact on tool cutting performance when the shape factor K is fixed, Sγ/Sα combinations were selected with K = 1.6 fixed, and the collected data are shown in Figure 9.



From the perspective of the influence curve of cutting force, the combination of Sγ/Sα = 56/35 μm results in the minimum cutting force; from the perspective of the influence curve of cutting temperature, the combination of Sγ/Sα = 40/25 μm results in the lowest cutting temperature. Through a comprehensive analysis of the impact of each combination on cutting performance, it can be observed that the cutting force for Sγ/Sα = 56/35 μm is 10 N less than that of Sγ/Sα = 40/25 μm, but the maximum cutting temperature is 34 °C higher and approaches 800 °C. Considering that cutting temperature has a greater impact on tool wear than cutting force, the combination of Sγ = 40 μm and Sα = 25 μm on the front and back rake faces, respectively, leads to better cutting performance when K = 1.6.





4. Conclusions


This paper utilized FEM simulation to examine the influence of cutting-edge shape factor on cutting performance. The findings are summarized as follows:



(1) Analysis of cutting force and temperature revealed that changes in the cutting-edge structure impact tool performance. When the shape factor is K > 1, the overall cutting force decreases compared to K < 1. The shape factor has minimal effect on cutting force fluctuations, while the maximum cutting temperature decreases as K increases, reaching the lowest point at K = 1.7.



(2) Variations in the front tool face segment value, Sγ, affect the actual negative front rake angle and plastic deformation in the first deformation zone, influencing heat generation. Changes in the back tool face segment value, Sα, impact the contact area between the back tool face and the workpiece surface, affecting extrusion, friction, cutting force, and temperature. Comparing their effects, Sγ demonstrates a greater impact on cutting performance than Sα.



(3) By maintaining a fixed shape factor of K = 1.6, different cutting-edge structures were investigated. It was found that the combination of Sγ = 40 μm and Sα = 25 μm resulted in the lowest maximum cutting temperature, indicating optimal cutting performance for the tool.
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Figure 1. Schematic representation of the K-factor method [17]. 
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Figure 2. (a) Model geometry and meshing method; (b) boundary conditions. 
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Figure 3. Effect of shape factor K on cutting force: (a) K < 1; (b) K > 1. 
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Figure 4. Effect of shape factor K on cutting temperature: (a) K < 1; (b) K > 1. 
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Figure 5. Effect of Sγ on cutting force. 
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Figure 6. Effect of Sγ on cutting temperature. 
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Figure 7. Effect of Sα on cutting force. 
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Figure 8. Effect of Sα on cutting temperature. 
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Figure 9. Effect of different Sγ/Sα combinations on cutting performance: (a) cutting force; (b) cutting temperature. 
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Table 1. J–C model parameters of Ti6Al4V material [33].
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	Material
	A (MPa)
	B (MPa)
	n
	m
	C





	Ti6Al4V
	875
	793
	0.386
	0.71
	0.01
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Table 2. Material properties of workpiece and cutting tool in simulation [33].
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	Materials
	Density (g/cm3)
	Elastic Modulus (MPa)
	Poisson Ratio
	Expansion Coefficient (1/ °C)
	Heat Conduction (W/m × K)
	Specific Heat (J/Kg × K)





	Workpiece (Ti6Al4V)
	4.43
	113,800
	0.342
	9.5
	7
	233



	Cutting tool (YG8)
	14.6
	610,000
	0.22
	5.46
	79.6
	210
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