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Abstract

:

High cutting temperatures increase tool wear and reduce tool life. To achieve a longer tool life, coated carbide tools have been developed. In this study, the influence of tool coatings on the cutting temperature distribution during the orthogonal cutting of H13-hardened steel is investigated. Firstly, four coating materials, including TiC, TiN, Al2O3, and TiAlN, with the same coating thickness, are selected to evaluate the effects of coating materials on cutting temperature with finite element simulation. The maximum temperatures at the tool rake face and the temperatures at the coating–substrate interface are evaluated. It was found that the maximum temperatures at the tool rake face were the lowest and the highest when TiN and Al2O3 coating materials were applied, respectively. The TiAlN coating material had the best thermal barrier property. Then, the temperature distribution along the direction perpendicular to the tool rake face is investigated for TiAlN-coated tools with different coating thicknesses ranging from 3 μm to 10 μm. It is shown that the temperature gradient increases with the coating thickness. The coating thickness should be kept below 5 μm. Finally, cutting experiments validate the availability of the finite element model.
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1. Introduction


Increased environmental awareness has led to a recent increase in the use of dry or minimal lubrication machining. Environmental problems can be avoided by a machining process without the use of cutting fluids. However, the cutting temperature is elevated in dry machining conditions. The increase in the maximum temperature at the rake face of the cutting tool causes a reduction in tool life. The high cutting temperature and temperature distribution of the tool can change the metallurgical structures of the tool’s materials [1]. Elevated cutting temperatures also result in the poor surface finish of machined parts. To achieve longer tool life and better quality of machined parts, various engineered cutting tool materials with extremely hot hardness, improved fracture toughness, and high resistance to abrasion and thermal shock are required. Coated cutting tools have been developed and are widely used in the manufacturing industry.



As shown in Figure 1, the heat transferred into coated cutting tools comes from three heat sources, including heat from the primary deformation zone, heat generated in the secondary deformation zone, and heat produced in the tertiary deformation zone. Although the areas of the heat generation zones are very small, the temperature can rise up to a high level of 800–1200 °C due to the high pressure [2]. The temperature distribution of a coated cutting tool is mainly affected by two main heat sources. One heat source is the shear plane at the primary shear zone. The other is the frictional heat source at the tool–chip interface [3]. The quantification of these two sources remains unclear in both cases of uncoated and coated cutting tools. Moreover, the influence of coatings on the amount of heat generated by these heat sources is complex. It is not fully understood whether the coatings influence the cutting process through an insulating effect (lower thermal conductivity) or through a tribological effect (the lower level of heat generated in the sources).



The most commonly used tool coating materials are TiN, TiC, TiCN, Al2O3, and TiAlN [4]. Some of the outstanding properties of tool coating materials are as follows. TiC coatings aid in reducing cratering. TiCN coatings help reduce crater formation. Al2O3 coating can act as a thermal barrier layer to protect the substrate from high cutting temperatures due to its low thermal conductivity. TiN helps to reduce interfacial friction and acts as a diffusion barrier [5]. TiAlN coatings have been developed as hard coatings with excellent properties for better oxidation resistance, higher hardness, and improved thermal stability compared to TiN [6].



TiN coatings have some attractive properties, such as high hardness, good wear resistance, and chemical stability [7,8]. In recent decades, TiN coatings have become increasingly important for improving the life and performance of cutting tools and many mechanical parts. The performances of TiN-coated tools and uncoated tools were compared and investigated by Akbar F. et al. [9]. It was verified that the TiN coating improves tribological performance by reducing the tool–chip contact area. In terms of heat distribution, TiN-coated tools reduce the heat distribution in coated tools. The heat partition of the TiN coating into tools decreased from 0.35 down to 0.095 for a whole range of cutting speeds (100 m/min–880 m/min). It was shown that the TiN coating could protect coated tools from high cutting temperatures. However, TiN coatings start to oxidize into TiO2 when the temperature is higher than 500 °C. The oxide layer leads to crack formation and brittle oxide layer delamination. This property can deteriorate the mechanical and tribological properties of coated tools at high cutting temperatures [10,11]. Recently, TiAlN coatings have been developed as hard coatings with excellent high-temperature properties [6,12]. In order to find out the differences in mechanical characteristics and thermal properties between TiN and TiAlN coatings, research has been carried out. Turning experiments were conducted on AISI/SAE 4140 high-strength alloy steel using TiN- and TiAlN-coated cutting tools [13]. The cutting speeds were increased from 100 m/min to 880 m/min. The tool chip contact areas for TiN-coated tools were larger than those for TiAlN-coated tools over the entire cutting speed range. The heat partitions in coated tools were evaluated using the finite element method. The results indicated that the use of single-layer TiN-coated tools could cause a reduction in heat partition in the coated cutting tool at a conventional cutting speed. However, in the high-speed machining (HSM) region, the reduction in heat partition became more dominant for the use of TiAlN-coated tools. It was concluded that TiAlN coatings could better improve the tribological performance. TiAlN coatings provide a lower thermal conductivity for tool systems and ultimately reduce the heat partition into the cutting tools. Chen L. et al. [14] explained the different properties of the two coatings by comparative research on grain size, hardness, and the bonding structure of TiN and TiAlN coatings. The results indicate that the addition of Al significantly decreased the grain size from 24.7 nm for TiN to 18.6 nm for the TiAlN coating. The hardness increased from 24 GPa for TiN to 31.2 GPa for TiAlN coating. Furthermore, continuous cutting and milling experiments were conducted to evaluate the performance of the coated inserts. It was found that TiAlN-coated tools had a longer tool life than TiN-coated tools in the continuous turning of stainless steel and in the milling of 42CrMo steel.



Orthogonal cutting experiments of medium carbon and austenitic stainless steels with single-layer (TiC), double-layer (TiC-TiN), and triple-layer (TiC-Al2O3-TiN)-coated WC-Co tools were investigated by Grzesik, W. [15]. It was observed that the use of appropriate tool coatings could decrease the coefficient of friction at the tool rake face. Klocke et al. [16] studied the effects of various coatings on contact conditions and wear mechanisms during the machining of ferrous and non-ferrous metals. The Al2O3 layer generated during the cutting process was also considered. They reported that TiAl-based and Al2O3-containing coatings changed the tool–chip contact conditions and significantly reduced them. Friction and adhesion between the tool and chip interface could be reduced, resulting in a lower cutting temperature at the tool rake face. Grzesik, W. [17] pointed out that the Al2O3 coating could act as a thermal barrier and protect the tool substrate from increased cutting temperature when machining medium carbon steel and austenitic stainless steel. Du, F. [18] found a very distinct influence of the Al2O3 coating on the thermal barrier and explained this due to its lower thermal conductivity compared to TiC and TiN coatings. To investigate the influence of coatings on heat transfer in coated inserts during machining, Kusiak A. et al. [19] analyzed turning steel experiments with five different coated cutting tools. The temperatures in the tools were measured by sensors embedded at a certain distance from the zone of the thermal load application. The characteristics of the coatings used are shown in Table 1. It was found that the Al2O3 coating resulted in the smallest heat flux in the tool, while the TiN, TiAlN, and TiAlN + MoS2 coatings did not have a significant influence with respect to the uncoated tool.



Coating thickness is one of the most important attributes of coating system performance. The effects of coating thickness on tool tribological performance have been widely researched. In general, thicker coatings exhibit better wear resistance performance than thinner coatings. However, some reports claim that different conclusions were obtained [20,21,22] using cutting experiments with diamond-coated tools. The authors demonstrated that the increased coating thickness was generally beneficial to tool life. However, thicker coatings caused a decrease in transverse rupture strength, which greatly affected the performance in high-speed or interrupted machining. Meanwhile, it was observed that a thicker coating resulted in higher cutting forces due to the increased cutting-edge radius. High cutting forces induced high cutting temperatures. However, for coated cutting tool applications, coating thickness may play a more complicated role. Qin, F. et al. [23] analyzed the influence of coating thickness on the machining process using the finite element software ANSYS. It was indicated that thicker coatings presented greater delamination resistance, whereas the critical load for coating failure decreased with the increasing coating thickness. According to Qin F. et al. [24], thicker multilayer coatings exhibited better scratch resistance than thinner coatings did due to their better load-carrying capacity.



The wear resistance of a coating depends not only on the properties of the coating material but also on its thickness. Bouzakis K.D. et al. [25] investigated the influence of coating thickness on the cutting performance of milling with TiAlN-coated tools. The coating thickness varied from 3 μm to 10μm. These investigations revealed that as the coating grew thicker, its superficial hardness and strength decreased. However, the thick coating did not affect the cutting performance as much as the thin coatings. To understand the effects of TiN’s coating thickness on the machining performance of TiN-coated cutting tools, Sargade, V.G. et al. [26] conducted a dry turning experiment with TiN-coated tools. The thicknesses of the TiN coatings ranged from 1.8 μm to 6.7 μm. It was found that the 4 μm TiN coating exhibited better coating retention on both the rake and flank surfaces during the dry machining of C40 steel compared to other coated inserts. Tuffy K. et al. [27] reported that there was an optimum coating thickness of TiN by PVD technology for certain machining conditions. Based on the test results for a range of 1.75 to 7.5 μm TiN coatings, a thickness of 3.5 μm showed the best turning performance.



Several researchers have focused on the mechanical and thermal properties of TiC, TiN, Al2O3, and TiAlN coatings. There are few papers paying attention to the influence of single-layer coating materials and coating thickness on the cutting temperature distribution in orthogonal cutting H13-hardened steel. In this work, TiC, TiN, Al2O3, and TiAlN, as four kinds of coating material, are investigated by the finite element method when machining H13-hardened steels. The maximum temperatures at the rake face and the temperatures at the coating–substrate interface are simulated. The temperature distribution along the direction perpendicular to the tool rake face is investigated for TiAlN-coated tools with different coating thicknesses ranging from 3 μm to 10 μm. Finally, orthogonal cutting experiments with TiN- and TiAlN-coated tools are performed to validate the availability of the finite element model.




2. Materials and Methods


The finite element method has been widely used to analyze the metal-cutting process. In this study, commercial finite element analysis software AdvantEdge (Third Wave Systems AdvantEdge v7.1) was applied to simulate the orthogonal cutting process, as illustrated in Figure 2b. In this study, the coated tools had the same geometric parameters. The cutting-edge radius was set to 0.01 mm. The cutting rake angle and tool clearance angle were kept constant at 0° and 3°, respectively. The cutting speed was 300 m/min. The undeformed chip thickness and cutting width were 0.1 mm and 2 mm, respectively. Then, orthogonal turning experiments were carried out to verify the availability of the finite element model.



The FE model used to simulate the orthogonal metal cutting process simulation was based on Lagrangian techniques, explicit dynamic, and thermo-mechanically coupled modeling technologies with adaptive re-meshing. The initial mesh became distorted after a certain cutting length and was re-meshed in this vicinity to form regular mesh again. The dimensions of the element size for the tool body and the workpiece covered a wide range, from the minimum value of 0.02 mm to the maximum value of 0.1 mm. The element size dimension for the coatings was set to 2 μm. Triangular elements were used to model the coated cutting tool and workpiece. The number of nodes for the simulation model in this study was 24,000. The physical and thermal properties of H13-hardened steel, the tool coating materials, and the tool substrate material are listed in Table 2.



The coated tools were modeled as rigid bodies because the tool materials had a high modulus of elasticity. The workpiece material was treated as elastic–plastic bodies. The initial and boundary conditions applied to the model for the cutting temperature analysis were as follows. The initial temperature of the tool and workpiece was set to room temperature (T0 = 20 °C). For the non-contact surfaces of the coated tools and workpiece, heat losses due to thermal convection were calculated using a convective coefficient of 20 W/(m2K). The FE simulation procedure is shown in Figure 3. The coating materials and their thicknesses were set after the geometric dimensions of the workpiece and coated tools were determined. The simulation results were analyzed using the Tecplot post-processor provided by AdvantEdge. Temperatures at selected points were extracted and evaluated.



To validate the finite element model, a computerized numerically controlled lathe was used to carry out the machining experiments, as shown in Figure 4. The maximum temperature of the rake face of coated tools was evaluated. TiAlN- and TiN-coated cutting tools were selected for cutting tests. With the tool holder used, the coated cutting inserts formed a 0° rake angle and a 3° clearance angle. The workpieces were thin circular plates made of H13-hardened steel. The orthogonal turning tests were performed at a cutting speed of 300 m/min. The uncut chip thickness and cutting width were 0.1 mm and 2 mm, respectively. No coolant was applied during the cutting process. To verify the prediction of the finite element model, the results of the cutting experiments and the finite element simulations were compared.



Many techniques have been applied to measure the temperature during the metal-cutting process. Each technique has its own advantages and limitations depending on the applied measurement conditions [30,31,32,33,34]. In this experiment, cutting temperatures of the contact zone between coated tools and chips were obtained using the IR camera FLIR A315. The IR camera has a long wave and self-cooling analysis system. The infrared radiation camera used in this experiment has a thermal sensitivity of 50 mK at 30 °C. The quantum well-infrared photon detector has a spectral range of 7.5 to 13 μm with a resolution of 320 × 240 mm pixels. The spatial resolution of the IR camera was 1.36 mrad. The image frame frequency of the camera was 60 Hz. The measurement error of the IR camera was ±2 °C. The range of measure temperatures of FLIR A315 was −20 °C to 1200 °C. The lens applied in the study could automatically identify the observed target. The captured images were transferred to a special computer with built-in ThermaCAM analysis software FLIR Tools (using the FLIR system).




3. Results and Discussion


The simulated cutting temperature results of the four coated tools are discussed. The maximum temperature of the coated tools appeared at a location about 0.1 mm distance from the tool tip along the rake face, as shown in Figure 5. The cutting temperature at the tool–chip interface first increased and then decreased with increasing the increasing distance from the tool tip. The heat conduction along the direction perpendicular to the coated tool rake face was investigated. It was found that the four coating materials could protect the tool substrate materials from elevated temperatures due to their low thermal conductivity, as shown in Table 2.



Temperatures at two points were analyzed for coated tools. One was the point where the maximum temperature was at the tool rake face. Another one was along the direction perpendicular to the coated tool rake face from the first point and at the interface between the tool coating and the tool substrate. The positions of these two points are shown in Figure 5. The temperatures at the two points are presented in Figure 6. The Al2O3-coated tool generated the highest maximum temperature at the rake face compared to the other three coated tools. The temperature was up to 1171 °C. On the contrary, the lowest maximum temperature was presented on a TiN-coated tool rake face. The maximum temperature at the rake face of the TiN-coated tool was 1129 °C. TiN-coated material has a lower coefficient of friction than the other three materials [9]. The heat generated at the contact interface between the tool rake face and chip was less. Previous studies have shown that the titanium element could reduce the friction coefficient between the coated tool rake face and chip [9,15].



The temperature gradient between the tool rake face and the coating–substrate interface explains the thermal barrier properties of the coating materials. It was found that all of the four coating materials could act as thermal barrier layers. However, Al2O3- and TiAlN-coated materials generated a greater decrease in temperature from the rake face to the interface between the tool coating and tool substrate than TiN and TiC. For the TiAlN-coated tool, the temperature at the interface between the coating and substrate was 126 °C lower than that of the rake face. For the Al2O3-coated tool, the temperature gradient was 122 °C. The temperature gradients were 116 °C and 108 °C for TiC and TiN coatings, respectively. TiAlN and Al2O3 coatings exhibited better thermal barrier properties than the other two coating materials, which could be attributed to their lower thermal conductivity. The thermal conductivities of TiAlN- and Al2O3-coated materials were 12.61 W/(m·K) and 14 W/(m·K), respectively. Correspondingly, the thermal conductivities of TiN and TiC were 21 W/(m·K) and 24 W/(m·K), respectively.



The temperature distributions for TiAlN-coated tools with different coating thicknesses are shown in Figure 7a–d. The maximum temperatures at the rake face of the coated tools were investigated. Eleven points along the direction perpendicular to the rake face from the point showing the maximum temperature were also investigated. The temperatures at these twelve points were extracted and analyzed using AdvantEdge software. The temperature distributions of coated tools were affected by coating thickness in two ways. As the coating thickness increased, the thermophysical properties of the coating materials changed [9]. Then, the heat transferred into coated tools was changed. In another way, thicker coating layers meant that a longer distance of heat transfer was required. Therefore, various coating thicknesses lead to different temperature distributions in coated tools.



The temperatures at selected points are presented in Figure 8. It can be seen that the maximum temperature at the tool rake face and the temperature of the tool substrate decreased as the coating thickness increased. The temperature dropped rapidly from the tool rake face to the coating–substrate interface. The temperature gradient between the temperature on the rake face and that on the coating–substrate interface increased with the increase in the coating thickness. When the tool coating thickness reached 7 μm and 10 μm, the temperature decrease was almost 300 °C. For coating thicknesses of 3 μm and 5 μm, the temperature decreases were 119 °C and 184 °C, respectively. The temperature gradient was so great that a large thermal stress could be generated near the coating–substrate interface. The thermal stress (σth) of the coating film can be calculated by Equation (1)


   σ  t h   =  E F   (   α  f i l m   −  α  s u b s t r a t e    )  ⋅ Δ T  



(1)




where EF (GPa) is the elastic modulus of the coating film. αfilm and αsubstrate (m2/s) are the coefficients of thermal expansion of the coating and substrate, respectively. ΔT (°C) is the temperature reduction from the coated tools’ rake face to the coating–substrate interface.



For the same coating–substrate system, the thermal stress increases with ΔT. It is generally believed that greater thermal stress could lead to coating failure. A smaller temperature reduction alleviates the generation of thermal stress. To achieve longer tool life, the thickness of the coating layer should be kept less than 5 μm.



To validate the finite element model, machining experiments were carried out. The cutting temperatures of the contact zone between coated tools and chips were obtained using the IR camera FLIR A315. The temperature of an object measured by an IR camera depends strongly on the emissivity of the material. The average emissivity coefficients of TiN- and TiAlN-coated inserts were determined to be 0.21 and 0.45, respectively [13]. The distance between the IR camera and the detected area was 1.5 m. The background temperature was 20 °C. The relative humidity was 42%.



It can be seen in Figure 9 that the maximum temperatures of the tool rake face are 1063.65 °C and 1047.44 °C when coating materials were TiAlN and TiN, respectively. Comparing the maximum cutting temperature of the rake face obtained using cutting tests and FE simulation, the error percentages were 7.34% and 7.26% for TiAlN- and TiN-coated cutting tools, respectively. The results of the finite element model are in good agreement with those of the cutting experiments.




4. Conclusions


In this paper, the temperature distribution and heat conduction of different coated cutting tools were investigated with FEM AdvantEdge software. The maximum temperature at the tool rake face alongside the coating–substrate interface temperature were evaluated for four coated tool materials. The temperature distributions of TiAlN-coated tools with various coating thicknesses were investigated. The following conclusions can be drawn from the simulated and experimentally measured cutting temperatures.



	
The four coating materials play a thermal barrier role. TiAlN coating material was superior to the other three coating materials for the thermal barrier. The temperature gradient was about 128 °C between the rake face and coating–substrate interface. The better thermal barrier property of the TiAlN coating was due to its lower thermal conductivity. In order to ensure that the coated tool substrate had a lower temperature to maintain better-cutting performance, the TiAlN coating was recommended as the preferred coating.



	
The thicker the TiAlN coating, the greater the temperature gradient between the tool rake face and coating–substrate interface. The temperature gradient reached about 300 °C when the coating thicknesses were 7 μm and 10 μm. A greater temperature gradient generally led to coating failure. The tool coating thickness had best be kept less than 5 μm from the view of thermal stress generated by the cutting temperature.



	
The maximum temperature of the rake face of TiAlN- and TiN-coated tools was evaluated in dry orthogonal turning tests. Comparing the maximum cutting temperature of the rake face obtained by cutting tests and FE simulation, the error percentages were 7.34% and 7.26% for TiAlN- and TiN-coated cutting tools, respectively. The results of the finite element model are in good agreement with those of the cutting experiments.
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Figure 1. Heat generation zones during the machining process. 
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Figure 2. (a) Schematic diagram of orthogonal cutting test; (b) cutting temperature distribution obtained by the finite element method. 
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Figure 3. Flowchart of the FE simulation process. 
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Figure 4. Experimental set-up employed during the orthogonal turning tests. 
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Figure 5. Temperature distribution in coated tools with various coating materials: (a) TiC coated tools; (b) TiN coated tools; (c) Al2O3 coated tools; (d) TiAlN coated tools. 
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Figure 6. Temperatures at rake face and coating–substrate interface for different coating materials. 
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Figure 7. Temperature distributions of coated tools with different TiAlN coating thicknesses: (a) TiAlN coating with 3 μm thickness; (b) TiAlN coating with 5 μm thickness; (c) TiAlN coating with 7 μm thickness; (d) TiAlN coating with 10 μm thickness. 
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Figure 8. Temperature variation with the distance perpendicular to the rake face. 
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Figure 9. Temperature measured at the rake face measured by FLIR A315: (a) TiAlN coated tools; (b) TiN coated tools. 
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Table 1. Characteristics of the coatings used in turning experiments [19].
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	Coating
	Deposition Technique
	Thickness (μm)





	TiN
	PVD-Cathodic Arc
	2



	TiAlN + WC/C
	PVD-Cathodic Arc + sputtering
	4



	Al2O3
	CVD
	5



	TiAlN
	PVD-Cathodic Arc
	2



	TiAlN + MoS2
	PVD magnetron sputtering
	4










 





Table 2. Thermal or physical properties of H13-hardened steel and coated tools.
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	Materials
	Density (kg/m3)
	Young’s Modulus (GPa)
	Poisson’s Ratio
	Specific Heat Capacity (J/(kg·K))
	Thermal Diffusivity (10−5 m2/s)
	Thermal Conductivity (W/(m·K))





	H13 [28]
	7800
	211
	0.28
	560
	0.85
	37



	Cemented carbide [9]
	11,900
	534
	0.22
	346.01
	0.98
	40.15



	TiC [29]
	3700
	587
	0.21
	878.13
	0.98
	24



	TiN [9]
	5420
	250
	0.25
	702.60
	0.55
	21



	Al2O3 [4]
	3780
	415
	0.23
	903
	0.49
	14



	TiAlN [9]
	1892
	370
	0.22
	639.89
	1.04
	12.61
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