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Abstract

:

Studying the cutting temperature is critical for unlocking the secrets of sawblade wear, lifespan, and the metallurgical alterations beneath the surface. This paper describes an investigation into the temperature of 45 steel during dry sawing, using a cemented carbide circular saw blade under various cutting conditions. A temperature acquisition system was developed, enabling the determination of the average temperature of the arc zone in the workpiece and the temperature of the sawtooth tip via a semi-automated thermocouple measurement and an embedded dynamic artificial thermocouple method, respectively. Results obtained from these two methods indicate a positive correlation between the sawing temperature and the saw blade speed and feed rate, with an optimal combination of cutting process parameters identified for maintaining stability within reasonable ranges. Finite element simulations reveal a cyclical fluctuation in temperature along the workpiece surface and sawtooth, with a gradual decrease after an increase in the intermittent step, and confirm the relationship between the sawing temperature and the saw blade and feed rates observed experimentally. Overall, this study presents valuable insights into the temperature changes occurring during the sawing process, with important implications for improving productivity and maintaining stability in industrial applications.
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1. Introduction


With the rapid development of advanced manufacturing technologies, it is necessary to improve the machining performance and quality for industrial purposes [1,2,3]. The high-speed metal circular sawing machine is a marvel of efficiency and precision, deftly slicing through steel and non-ferrous metals with ease. Its widespread use in metallurgy and manufacturing is a testament to its versatility and effectiveness. Yet, with each pass of the sawblade comes a barrage of heat, a byproduct of the material removal process that poses a formidable challenge. Understanding the cutting temperature and its dependence on various parameters is essential for maintaining tool longevity and preserving the quality of the workpiece surface.



Due to the complicated measuring techniques that have been applied to address the engineering issues [4], the method of measuring and studying the temperature in metal cutting is diverse, ranging from analytical, and experimental, to numerical modeling using finite elements.



The analysis involves using mathematical tools such as integral and Laplace transforms to determine the temperature of the cutting tool, however, these methods often rely on assumptions and may not reflect real-world scenarios. Studies have proposed three-dimensional analytical models, such as the work of Radulescu and Kapoor, that incorporate cutting force as a factor in determining transient cutting temperatures [5,6]. Analytical models for temperature distribution, such as the work of Young and Chou [7], and Fang and Xu [8], have also been proposed, making use of simplifying assumptions for ease of modeling and improved agreement with experimental data. Other works, such as the study by Mu et al., have utilized nonlinear and matrix perturbation theories to examine the interplay between the temperature field and centrifugal force in saw blade dynamics [9]. Experimentation, on the other hand, involves the use of temperature sensors to directly measure the temperature, either through direct contact with the thermocouple method, or non-contact methods. Contact methods, such as the work of Wang et al. and Nasir et al., have yielded relatively accurate and direct temperature data [10,11], while other studies, such as the work of Chen et al., have employed inverse heat conduction methods and embedded thermocouples to determine heat flux and temperature fields [12]. Werschmoeller et al. [13] made use of PCBN inserts embedded with C-type thin film thermocouple arrays to study the correlation between temperature and cutting parameters in processing hardened steel workpieces, offering high spatial and temporal resolution in measuring internal temperature fields at the micro-scale.



The non-contact temperature measurement approach, often deemed more convenient than its contact-based counterpart, circumvents direct contact with the heat source, thus avoiding any potential perturbation of the heat flow distribution caused by the installation of a thermocouple. Commonly used in industrial settings, non-contact measurements often utilize the infrared radiation method, such as the infrared thermal imager method and the two-color pyrometer method [14]. Li [15] employed a far-infrared temperature measuring instrument to assess the temperature of the saw blade’s outer edge and the edge of the chuck during wood sawing operations, while also evaluating the thermal stress distribution along the radial direction of the saw blade. Fang [16] utilized an infrared thermal imager to examine the temperature field of circular saw blades under varying working conditions and structures, combining heat transfer theory to analyze the factors that influence the temperature field and identify strategies for controlling it during the saw blade’s operational process. Lee et al. [17] developed an online temperature monitoring system using an infrared thermal imager, near-field and far-field heat transfer models, and an artificial neural network trained by the model, to monitor the maximum steady-state temperature of the tool–chip interface during dry-cutting operations. Darwish and Davies [18] utilized an infrared pyrometer to remotely measure the temperature of the tool–chip interface during high-speed milling, using the measured temperature as input for an inverse heat transfer model to calculate the heat flux and temperature distribution of the tool–chip interface. Despite its benefits, non-contact temperature measurement does face some limitations, such as interference from chip formation and coolant in the cutting process, as well as the sensitivity of measurement results to changes in surface emissivity under high-temperature metal cutting environments.



Toward explicating the impact of temperature on the dynamic stability of a saw blade, the numerical simulation provides the powerful tool to solve this problem [19,20,21,22,23,24,25,26,27], so that the finite element method delves into the intricate relationships between the sawing process and the generation of cutting heat by simulating the actual scenario with the finite element method and analyzing the thermal stress distribution of the saw blade. Through the utilization of thermal transient analysis in ANSYS, Wang et al. [10] erected a simulation model of diamond wire sawing single crystal silicon, wherein the heat generated by the sawing process is transmitted to the workpiece through the point of contact between the serration and the workpiece. In this model, the part of the workpiece that has been sawed and removed is designated as a “death” unit, simulating the state in which the material of the workpiece has been excised, thus forming a newly minted workpiece surface. At the same time, a heat flow load is appended to the surface of this newly formed workpiece, while the former heat flow load area transforms into a heat convection load area. In a quest to understand the interplay between temperature, centrifugal force, and the transverse stiffness of circular saw blades, An et al. [28] resorted to a nonlinear finite element method to build a mechanical model of four representative circular saw blade matrix structures. The study aimed to decipher the variation of transverse stiffness under the impact of temperature and centrifugal force, as well as the combination of both. Zhang et al. [29] delved into the effect of sawing heat production and conducted an analysis of stress and strain on the composite circular saw blade, revealing that the maximum thermal stress was observed at the welding point and the outer edge of the segment. Wang et al. [30] pursued an investigation of the sawing performance of circular saw blades with and without copper-embedded design on the saw body groove and measured fixed-point temperature, lateral swing, and noise parameters of wood circular saw blades. The findings were intertwined with the distribution and computation of finite element thermal stress fields. Mote et al. [31] examined the temperature difference between two concentric annular regions on the saw blade’s surface, utilizing the critical speed stability theory of circular saw blades to predict the optimal temperature condition. Experiments validated the effectiveness of feedback control of sawing temperature in reducing blade vibrations, thus improving machining accuracy and stability. Despite the potency of finite element numerical methods, defining material properties and setting boundary conditions is a challenging task, which can render it difficult to precisely mirror the actual situation when solving nonlinear problems arising from material properties, deformation, and multi-coupling fields.



Thus, this paper is going to explore the importance of sawing in the metal-working industry and the role of cutting temperature in determining tool durability and machined component surface quality. Specifically, the study aims to compare cutting temperature in circular sawing using two different methods: a semi-artificial thermocouple method and an implanted thermocouple wire method. The implanted thermocouple wire method is designed to accurately measure the transient temperature of circular saw blade teeth under varying sawing conditions. To improve the accuracy of the results, the study also incorporates finite element simulation to correlate with the experimental data. The unique aspect of this study is the integration of two experimental techniques to measure temperature in both the tool–workpiece interface and circular saw blade teeth, which strengthens the validation of the numerical model’s ability to predict sawing temperature. As a result, this study can contribute to future optimization research aimed at refining sawing process parameters and tool life by partially replacing complex and time-consuming experimental approaches with numerical simulation.




2. Experimental Work


2.1. Experimental Setup


The enigmatic dry sawing examination was conducted utilizing the enigmatic SANDE emblem of a high-velocity metal circular saw apparatus, boasting a prodigious 7.5 kw of power and the enigmatic model SD-70R. The material utilized for the workpiece was none other than the resilient 45 steel bar, and the tool of choice was a 60-tooth carbide tip circular saw blade (of the renowned Hirono brand). The outer diameter of the saw blade stands at a formidable 285 mm, while the thickness of the base plate and serrated tooth edge both impress with dimensions of 1.7 mm and 2 mm, respectively. The data acquisition system, specially crafted for this study, is depicted in Figure 1, featuring the ability to measure temperature through the utilization of both semi-artificial and dynamically artificial thermocouples.



The enigmatic assembly that constitutes the data acquisition system is a complex configuration, meticulously composed of a NI USB6211 model data acquisition card, a supplementary power source, and computer software that operates on a LabVIEW platform. The system, in its attempt to measure the thermoelectric potential signal, employs a direct sampling method that retrieves millivolt level signals. The acquired signals are then subject to a rigorous conversion process, where the standard thermocouple temperature calibration curve is employed to translate the potential values into temperature readings that can be recorded and analyzed.




2.2. Experimental Procedure


The schematic diagram of the semi-artificial thermocouple temperature measurement method using block specimens is depicted in Figure 2. The process begins with dividing the pre-cut workpiece into blocks, with the thermocouple being embedded directly on the sawing path between the two blocks. The authors chose to use constantan wire for their experimental thermocouple, with a starting diameter of 0.5 mm and a width after rolling of 0.85 mm. To ensure insulation between the workpiece and the workbench, as well as between the thermocouple wire and the workpiece, a thin insulating mica sheet with a thickness of 0.02 mm is used. The experiment was conducted using 45 steel workpieces of 30 mm × 30 mm, with dry cutting employed to eliminate any interference from cutting fluid on the temperature measurement signal.



The sawing process reveals a complex interplay between the constantan wire, the mica sheet, and the workpiece, as the serrated tip reaches the clamping surface. The aftermath of this momentous encounter results in a spectacular transformation, as the constantan wire is severed and the mica sheet is destroyed, causing the wire to overlap on the workpiece’s surface and form a thermocouple loop. This loop is comprised of two poles—one from the constantan wire and one from the workpiece—that work together to provide valuable temperature measurement information. The measurement point for this method is located in the sawing arc zone, making it ideal for characterizing the surface temperature of the workpiece in this area. The temperature signal captured by this method provides a detailed and in-depth understanding of the temperature dynamics of the workpiece surface in the sawing arc zone.



The method of dynamic contact artificial thermocouple for block specimens, which was chosen after a thorough consideration and analysis of the intricacies of intermittent material removal in high-speed metal circular saw cutting, represents a new and innovative approach to measuring the temperature of the sawtooth cutting tip. Based on traditional artificial thermocouple design, this dynamic method adds an extra layer of complexity, reflecting the dynamic nature of the cutting process. The temperature measurement method for the sawtooth tip, as depicted in Figure 3, is made possible through the use of this dynamic embedded artificial thermocouple, offering a theoretical understanding of the temperature of the cutting tip.



With an eye towards the intricate and intricate nature of high-speed metal circular saw cutting, the design of the dynamic contact artificial thermocouple method for block specimens was devised, aimed at measuring the temperature of the sawtooth cutting tip. By combining two enameled thermocouple wires into a standard thermocouple, and closely clamping it into the workpiece while ensuring mutual insulation, the temperature value of the serrated tool and cutting zone can be determined by measuring the output thermoelectric power of the thermocouple circuit. A mica sheet is interposed between the thermocouple wire and workpiece to preserve insulation, even as the hydraulic clamping device damages the enamel layer. Upon being simultaneously cut by the sawtooth, the insulation layer and the two thermocouple wires become connected, forming the hot end of the circuit with a very small distance between them. The cold end of the two wires is kept at a temperature of 20 °C, thus enabling the standard thermocouple to generate thermoelectric power in response to the sawtooth cutting, and ultimately yielding a temperature value through the thermoelectric power–temperature conversion function of the standard thermocouple.



This method of dynamically forming a hot end with the sawing process sets it apart from the traditional artificial thermocouple approach, where the hot ends of the two thermocouple wires are welded together. The result is a more suitable means of measuring the tooth tip temperature of sawtooth sawing throughout the process of high-speed metal circular sawing, which acts as the sawing heat source. Unlike artificial and semi-artificial thermocouples or natural thermocouples, this method eliminates the need to consider the properties of the workpiece or calibrate the temperature–thermopower relationship of the thermocouple. Instead, any thermocouple wire capable of forming a standard thermocouple can be selected, allowing for the temperature of the serrated cutter head to be tracked in real time as it changes with the sawing feed.



In this experiment, the arrangement of the saw blade tip, workpiece, and thermocouple wire is illustrated in Figure 4. The symbol R represents the radius of the saw blade’s circular tip, H signifies the elevation variance between the saw blade center and the stable base plane of the workpiece, while r stands for the radius of the cylindrical steel workpiece.



With regard to the intricate setup of this experiment, Figure 4 illustrates the intricate interplay between the saw blade’s tip, the workpiece, and the thermocouple wire. A towering height difference, marked by H, stands at 80 mm between the center of the saw blade and the fixed base plane of the workpiece. The workpiece, a sleek round steel with a radius of 15 mm, is meticulously positioned to interact with the thermocouple wire. The wire, with a diameter of 0.5 mm and composed of two kinds of enameled thermocouple wires arranged in tandem, is secured with a 0.2 mm thick mica sheet for insulation purposes. When the sawtooth tip of the saw blade cuts through the thermocouple wire, the length of the wire in contact, noted as L, is precisely calculated from:


  L ≈  d 0  / cos θ =  d 0   R     R 2  −    (  H − r  )   2       



(1)







The length L of the thermocouple wire that makes contact, computed to be 0.57 mm, is incisively sliced by the saw blade at a cutting speed that peaks at 150 r/min, translating to a linear speed of 134.30 m/min at the sawtooth tip. With a mere 254.65 μs of sawing time, the data acquisition card, specifically the NI USB-6211, is able to obtain thermoelectric power. To ensure an efficient collection of the thermoelectric power peak, the sampling frequency has been adjusted to 20 kHz, and a minimum of 5 to 15 data points can be gathered during the cutting of the thermocouple wire.





3. Numerical Work


3.1. Model Development


By employing the Deform 3D software, a finite element simulation of the intricate metal circular saw-cutting process was executed with the aim of unraveling the temperature distribution in the cutting zone and the impact of varying cutting process parameters. To ensure an accurate representation of the heat transfer, the Johnson–Cook model, which accounts for the strain hardening, strain rate hardening, and thermal softening effects, was leveraged to simulate the flow stress. Subsequently, a comparison between the numerical and experimental temperature values was performed. The properties and chemical composition of steel 45 are shown in Table 1 and Table 2.



This experiment involves the construction of a 3D solid model of a 1:1 carbide circular saw blade, which is based on its actual tooth shape and size parameters. The circular saw blade is based on high-speed alloy steel, and its main components are C, W, Mo, Cr, V, and the saw teeth are ceramic alloys. Figure 5 showcases this representation, with a caveat that the model has been subjected to simplification by eliminating the presence of four installation positioning holes in the saw blade. With the objective of decreasing the duration of simulation calculations, a three-dimensional solid model of the workpiece is also established. Figure 6 exemplifies the alignment of the saw blade and the workpiece in accordance with the actual size and structure parameters of the sawing machine.



In the simulation, the circular saw blade is characterized as a steadfast structure, while the workpiece is represented as a malleable entity, thus necessitating its division into a network of tetrahedral grids. Figure 7 displays this transformation as the relative ratio of dimensional distortion surpasses the threshold of 0.8, resulting in a trigger for the remeshing process to realign the distorted mesh.




3.2. Boundary Conditions


The act of sawing metal creates an abundance of heat, and the cutting temperatures are sky-high. To counteract this, it becomes imperative to regulate the transfer of heat between the workpiece and its surrounding environment. The exterior heat exchange is the boundary condition, with an initial temperature of the workpiece set at a crisp 20 °C. In the machining process, the workpiece is held in place via hydraulic clamping, thus applying fixed constraints in the X, Y, and Z directions to both ends of the workpiece. By analyzing the relative position relationship between the saw blade and the workpiece in the coordinate system, as illustrated in Figure 8, the direction of the saw blade’s feed motion is determined to be in the +X direction. The feed translation speed and rotational angular velocity of the saw blade are calculated and set based on the speed conversion relationship under different working conditions. For instance, taking the actual working conditions of saw blade speed and feed rate into consideration, the simulation requires setting the motion parameters as a fixed rotational angular velocity, with the Z axis determined as the saw blade rotation center shaft. The constant friction factor between the saw blade and the workpiece is elegantly defined as a numerical value of 0.4. The heat conduction coefficient, both between the saw blade and the workpiece, and between the workpiece and the surrounding environment, is set at a robust 45 W/(m·K). These values serve as a means to replicate the intricate interplay of friction and heat conduction between the saw blade and the workpiece in a simulated environment.



The simulation environment is designed to be a comprehensive model, encompassing both the thermal and mechanical aspects with seamless integration of deformation and heat conduction. The chosen solver, conjugate gradient, implements an iterative approach, gradually approaching the optimal value through a series of iterations. The Newton–Raphson method, although possessing a rapid rate of convergence, may not always converge to a solution. To guarantee that the solution can be obtained through iteration, the direct iteration method is selected, providing a failsafe approach toward convergence.



The mesh refinement ratio in this study is a precise 1:10, with the refinement width slightly surpassing the sawtooth thickness, as depicted in the illuminating Figure 9. During the finite element simulation, the intense heat and substantial deformation at the tool–chip contact may cause the initially established mesh to become misshapen. However, the cutting-edge grid adaptive rezoning technology overcomes this challenge by dynamically regenerating the grid during the simulation process, preventing any computational divergence that might arise from a distorted grid. This results in a significant improvement in both solution speed and calculation accuracy.





4. Results and Discussion


From a microscopic perspective, sawing is surprisingly similar to conventional planning, with its underlying mechanism being cutting through the interaction between sawtooth and workpiece. On a macroscopic scale, high-speed circular saw cutting, with its impressive material removal per unit and single-tooth back cutting, holds the key to the rapid cutting of large-scale workpieces. To provide a clearer representation of the sawing chip formation process, a schematic diagram is presented as shown in Figure 10. In contrast to cutting techniques such as turning and milling, when using carbide circular saw blades for metal cutting, the instantaneous shear area of the sawtooth cutting edge is significantly smaller than the cutting area of the primary cutting edge, making the entire sawing process akin to a plane cutting process that is achieved through shear slip failure material removal.



As the sawing process initiates, the convergence of the sawtooth tip and the rake face with the workpiece results in the flow of surface metal along the edges of the saw blade towards the saw groove perimeter, initiating the primary stage of material removal by shear damage. The resistance faced by the metal to flow axially along the workpiece results in its radial flow towards the free surface, thereby forming a flash. While a fraction of the sawn metal manifests as flash and sawing marks along the saw groove, the bulk of it transforms into chips that traverse the front incline of the sawtooth before separating from the workpiece substrate. A thorough analysis of the chips procured from the site reveals the predomination of banded chips, with occasional instances of squeezed chips. Furthermore, high feed rates tend to result in the clustering of a larger number of banded chips.



4.1. Experimental Results and discussion


4.1.1. Semi-Artificial Thermocouple


The temperature generated during the sawing process is comprised of two distinct elements, the temperature of the sawing zone, represented as θA, and the temperature of the sawtooth tip, denoted as θtooth. The temperature readings obtained via the semi-artificial thermocouple method predominantly represent the sawing zone temperature, θA, and play a crucial role in determining the final quality of the workpiece surface. The methodology for gauging the temperature during sawing involves using a semi-artificial thermocouple, in which the workpiece (made of 45 steel) serves as the positive pole and a copper wire act as the negative pole, thereby enabling the generation of positive thermoelectric potential. Figure 11 showcases the representative temperature curve obtained from the thermopower signal that was measured during the saw cutting of 45 steel. The cutting process in the O-A stage, as depicted in Figure 11, has not yet commenced. Before the wire clamping surface reaches the sawing arc, the signal zero line remains flat, signifying that most of the interfering signals have been effectively eradicated. At point A, the tool comes into contact with the workpiece, producing a large impact signal with high amplitude. The B-C segment encompasses the entire sawing process. The large amplitude signal after point C arises from the contact electrification between metals at the end of sawing. As the sawtooth enters the sawing arc zone, the temperature curve displays densely arranged sharp pulse signals, indicating the temperature at the sawtooth cutting point. The starting and ending positions of the sharp pulse signal reflect the temperature variation range of the sawing arc zone. This study regards the inner envelope of the measured value as the average temperature of the workpiece’s surface and examines the effect of sawing process parameters on the temperature in the sawing area.



To investigate the relationship between the temperature in the sawing area and the blade speed, the sawing feed rate was varied at 1, 3, and 5 mm/s. Figure 12 illustrates the impact of cutting temperature on blade speed under three feed rate conditions. As observed in Figure 12, the sawing temperature exhibits an oscillating upward trend with the rise in saw blade speed. Analysis reveals that this trend is largely due to the increase in the number of serrated teeth participating in sawing per unit of time as the saw blade speed increases, causing the thickness of the single-tooth cutting layer to decrease. This leads to thinner strip chips produced by each tooth cutting and an increase in chip deformation energy per unit of material removed. Furthermore, while the contact between the saw teeth and the chip serves as the heat source during the sawing process, the chip remains in the groove between the two saw teeth and rotates with the saw blade, generating significant slip heat between the cutting and the workpiece until the saw teeth cut through the workpiece and the chip separates. As a result, an increase in saw blade speed also leads to increased slip heat of chips between teeth, a rise in the number of teeth producing slip action during cutting, and heightened friction, all contributing to a higher sawing temperature.



The study of the relationship between sawing temperature and feed rate is explored by fixing the saw blade speed at three different speeds: 50 r/min, 100 r/min, and 150 r/min. As revealed by Figure 13, the graph illustrates the correlation between sawing temperature and feed rate, given the three blade speed conditions. It is apparent that a consistent blade speed sees a gradual rise in overall sawing temperature as feed rate increases. Below 3 mm/s, sawing temperature increases at a slow pace, yet with a smooth downward trend. However, once the feed rate surpasses 3 mm/s, the increase in sawing temperature intensifies. When feed rate exceeds 5 mm/s, the increase in sawing temperature slows down. This is due to the fact that increasing feed rate thickens the single-tooth cutting layer and therefore requires more cutting energy, causing a rise in temperature. Additionally, the movement of heat sources along the cutting path of the workpiece is accelerated and the single cutting completion time is reduced with an increase in feed rate, leading to a decrease in the recorded sawing temperature. As a result of these two factors, the sawing temperature displays an overall positive correlation trend as depicted in the figure. Yet, while reducing the feed rate reduces cutting temperature, it also reduces productivity—a critical factor in the sawing process. Thus, there is an optimal set of cutting process parameters that balances sawing temperature within an acceptable range while preserving sawing productivity.




4.1.2. Implanted Thermocouple


The temperature readings obtained through the sophisticated technique of embedded dynamic artificial thermocouple measurement primarily reflect the temperature of the sawtooth tip (θtooth), which holds significant sway over the tool’s efficacy and longevity. The pulsating trend in temperature measurement, evident in the thermoelectric power curve depicted in Figure 14, is a direct result of the intermittent nature of the sawing process.



By delving into the investigation of the correlation between the temperature of the sawtooth tip, denoted as θtooth, and the cutting process parameters, as specified in Section 4.1.1 of this paper, the experiment was meticulously divided into two categories to unravel the impact of saw blade speed and feed rate on the temperature. By capturing the thermoelectric potential curve, the peak values of the thermoelectric potential were determined at 50 evenly spaced points and then, after undergoing a rigorous compensation and calculation process, the temperature values were obtained. Subsequently, the change curve of the temperature of the saw tip under diverse operating conditions was derived and is displayed in Figure 15, presenting a clear representation of the connection between the temperature of the sawtooth tip and the cutting process parameters. As depicted in Figure 15, the graph showcases the fluctuations of the average temperature of the saw blade tip while sawing 45 steel under varying operational circumstances, and it can be seen that the temperature slightly increases with the increase in feed rate, and it demonstrates that the feed rate would affect the temperature considered the process parameters in this study. It can be observed that the temperature measurement of the saw blade tip by the current method aligns with the temperature evaluation of the sawing zone obtained via the semi-artificial thermocouple technique described in Section 3.2 of this paper. Despite the similarities in the overall trend, the temperature computed by the present method is considered to be that of the heat source, thus the peak temperature readings are considered in the analysis, leading to a higher overall average temperature as compared to the value obtained from Section 4.1.1.



Amidst the experimental proceedings, it has been discerned that this methodology bears certain constraints. The interference present within the acquired signal could lead to an impact on the measurement outcomes. In several instances, this could even obscure the meaningful signal, rendering the results devoid of value. This occurrence is due to the thermocouple wires not being in a constant state of contact except for the exact moment when the saw teeth intersect the thermocouple wires during the cutting process. During the machining process, the serrated teeth are in continuous contact with the workpiece; thus, the thermocouple wire remains separated for the majority of the time, leading to the interference signal covering the entire process. Nevertheless, the amplitude of the interference is relatively smaller than the peak value, and as the peak mean value of the signal is adopted as a data parameter in this test, its impact can be disregarded.





4.2. Numerical Results and Discussion


As illustrated in Figure 16, DEFORM-3D was utilized to depict the simulation of cutting square and circular 45 steel workpieces with a circular saw. The visual representation demonstrates the metamorphosis of the workpiece subjected to the serrated g1 of the circular saw blade, producing a sequence of chip separation and crimp deformation as a result of material deformation.



The art of sawing a square workpiece unveils a remarkable insight into the intricate temperature field changes that occur during single sawtooth cutting, as illuminated by Figure 17. The process is characterized by the highest temperature concentrations around the tooth tip and cutting edge, which, despite being located on the rake face, remain a certain distance away from the cutting edge due to the intense tooth–chip interaction at this juncture. This interaction leads to the highest surface temperature of the workpiece being found at the bottom of the chip, where it encompasses a large area. The transient sawing temperature, which is highest along the entire root, can reach an astonishing 1300 °C. The cause of this heat, arising from the large amount of plastic deformation during the sawing process, stems from the friction between the serrated edge and the chip, and its inability to be transmitted in time, resulting in heat accumulation and elevated temperatures at the chip root. A comparison between the temperature distribution of the workpiece and the sawtooth illustrates that the heat generated during sawing is primarily located on the surface of the workpiece and is carried away by the chip.



The brevity of the single tooth cutting stage during actual machining is well-known. As the saw blade advances, the number of teeth involved in the cutting process increases and the saw groove takes shape. Given this, it is believed that simulating the temperature field of the workpiece’s saw groove surface provides a more accurate representation of the actual machining scenario. The aim of this study is to delve into the cutting temperature characteristics of the sawing process, investigate the impact of cutting process parameters on the temperature, and unravel its underlying principles, thereby lending crucial guidance for the judicious selection of cutting parameters. During circular sawing, a single sawtooth periodically cuts into and out of the workpiece, defining a cutting cycle composed of both cutting time and non-cutting time. Meanwhile, the workpiece surface experiences both the cutting stage and the non-cutting stage. The ratio between these times affects both the heating and cooling time of the sawtooth and the workpiece surface, thereby influencing the temperature of the sawing process.



Investigating the temperature fluctuations of both the workpiece surface and the saw teeth during sawtooth cutting, researchers employed the cutting temperature point tracking technique to ascertain the temperature distribution along the cutting path, as depicted in Figure 18. To further align simulation conditions with experimental surroundings, the distribution of temperature points considers the actual cutting path during temperature measurement experiments. With a blade speed of 50 revolutions per minute and a feed rate of 5 mm per second, the temperature curve generated from the point tracking simulation is depicted in Figure 19. The surface temperature of the workpiece, due to its cutting characteristics of an intermittent cycle, manifests in a cyclical manner with a gradual decrease as the number of intermittent steps increases. As the sawtooth reaches the tracking point, the temperature begins to ascend, with the temperature at points P3 and P4 escalating sharply. The reason is that these two points are situated along the cutting path of the sawtooth where the material removal and tool–chip friction are most severe, thus generating a considerable amount of sawing heat. Conversely, the temperature changes at the remaining four points are primarily driven by heat conduction in the cutting arc zone through the workpiece, exhibiting a relatively stable fluctuation. As the sawtooth withdraws from its position of distribution, the temperature gradually decreases through heat dissipation and cooling until the next sawtooth enters the distribution position and starts cutting anew.



With a view to unraveling the impact of the fluctuating parameters of the cutting procedure on the simulated temperature of the cutting process, a full-scale study was conducted using a full-factor test design scheme. The results, as portrayed in Figure 20, revealed the average value of the transitory maximum temperature of points P3 and P4, as they fluctuated with variations in the speed and feed of the saw blade. The simulation showed an interactive relationship between the sawing speed and feed rate, as an increase in saw blade speed at a constant feed rate led to a reduction in the thickness of the single-tooth cutting layer, resulting in a surge in tool–chip friction heat generation. As the cutting temperature rise of a single tooth was analyzed, it became evident that the relationship between speed, feed, and temperature was interactive. The heat production from material deformation and removal remained constant per unit of time, while the heat production from the tool–chip friction intensified. Hence, when seen from the perspective of the entire sawing process, the speed was found to be positively correlated with the sawing temperature. Furthermore, as the speed of the saw blade remained constant, an increase in the feed rate led to an increase in the thickness of the single-tooth cutting layer, and, therefore, the cutting temperature rose as the amount of material removal per unit of time increased. The two were, therefore, considered to be positively correlated.





5. Conclusions


In this paper, the temperature of 45 steel during dry sawing was monitored and analyzed utilizing a cemented carbide circular saw blade under diverse cutting conditions, and the results were verified through a finite element simulation. The conclusion that emerges from this study is as follows:



(1) An innovative system for acquiring sawing temperatures has been developed and implemented with remarkable success, providing valuable insights into the temperature changes that occur during the sawing process. The mean temperature of the arc zone in the workpiece was determined using a semi-automated thermocouple measurement technique, while the temperature of the sawtooth tip was obtained via an advanced, dynamic artificial thermocouple method that was seamlessly integrated into the system.



(2) The results of the temperature measurements obtained through our two methods, namely the semi-automated thermocouple and the embedded dynamic artificial thermocouple, show a general agreement, demonstrating a positive correlation between the sawing temperature and the two variables of saw blade speed and feed rate in the large-scale trend. However, this relationship is intricately interrelated and influenced by changes in the thickness of single tooth-cutting layers. Thus, there exists an optimal combination of cutting process parameters that balances the sawing temperature and productivity, thereby maintaining stability within reasonable ranges.



(3) The simulation results reveal a cyclical fluctuation in temperature along the workpiece surface and sawtooth, with a gradual decrease after an increase in the intermittent step. An examination of the temperature progression across the sawing process discloses a positive correlation between the saw blade speed and feed rate, and the sawing temperature, which concurs with the experimental temperature measurement results.







Author Contributions


Conceptualization, ZC. and Y.W.; data curation, H.L., P.N. and Z.W.; formal analysis, S.G., Y.L. and P.N.; funding acquisition, D.W. and Y.W.; investigation, S.G. and Z.W.; project administration, H.L., Y.L. and D.W.; supervision, Y.W.; writing—original draft, Z.C.; writing—review and editing, Z.C. and Y.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (51705463) and the Zhejiang Provincial Natural Science Foundation of China (LTGS23E050001).




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Qian, H.; Chen, M.; Qi, Z.; Teng, Q.; Qi, H.; Zhang, L.; Shan, X. Review on Research and Development of Abrasive Scratching of Hard Brittle Materials and Its Underlying Mechanisms. Crystals 2023, 13, 428. [Google Scholar] [CrossRef]

	



Yuan, H.; Yang, W.; Zhang, L.; Hong, T. Model Development of Stress Intensity Factor on 7057T6 Aluminum Alloy Using Extended Finite Element Method. Coatings 2023, 13, 581. [Google Scholar] [CrossRef]

	



Xie, X.D.; Zhang, L.; Zhu, L.L.; Li, Y.B.; Hong, T.; Yang, W.B.; Shan, X.H. State of the art and perspectives on surface strengthening process and associated mechanisms by shot peening. Coatings 2023, 13, 2476. [Google Scholar]

	



Wu, B.; Li, D.R.; Zhou, Y.; Zhu, D.; Zhao, Y.P.; Zhao, Y.P.; Qiao, Z.K.; Chen, B.; Wang, X.L.; Lin, Q. Construction of a calibration field of absolute gravity in a cave using the Cold Atom Gravimeter. Sensors 2023, 23, Submitted. [Google Scholar]

	



Zhang, K. The Temperature of Circular Saw Blade On-Line Detection and Control Technology Research in Woodiness Material Cutting; Chinese Academy of Forestry: Beijing, China, 2015. [Google Scholar]

	



Radulescu, R.; Kapoor, S.G. An Analytical Model for Prediction of Tool Temperature Fields during Continuous and Interrupted Cutting. J. Eng. Ind. 1994, 116, 135–143. [Google Scholar] [CrossRef]

	



Young, H.T.; Chou, T.L. Modelling of tool/chip interface temperature distribution in metal cutting. Int. J. Mech. Sci. 1994, 36, 931–943. [Google Scholar] [CrossRef]

	



Fang, C.F.; Xu, X.P. Study on energy partition in sawing based on fluctuated temperature matching. Diam. Abras. Eng. 2013, 4, 261–264. [Google Scholar]

	



Mu, D.Q.; Cui, G.F.; Chen, S.H. Effect of roll tensioning on the critical speed of circular saw blade. Chin. J. Mech. Eng. 2001, 37, 5. [Google Scholar] [CrossRef]

	



Wang, Y.; Song, L.-X.; Liu, J.-G.; Wang, R.; Zhao, B.-C. Investigation on the sawing temperature in ultrasonic vibration assisted diamond wire sawing monocrystalline silicon. Mater. Sci. Semicond. Process. 2021, 135, 106070. [Google Scholar] [CrossRef]

	



Nasir, V.; Kooshkbaghi, M.; Cool, J.; Sassani, F. Cutting tool temperature monitoring in circular sawing: Measurement and multi-sensor feature fusion-based prediction. Int. J. Adv. Manuf. Technol. 2021, 112, 2413–2424. [Google Scholar] [CrossRef]

	



Chen, W.-C.; Tsao, C.-C.; Liang, P.-W. Determination of temperature distributions on the rake face of cutting tools using a remote method. Int. Commun. Heat Mass Transf. 1997, 24, 161–170. [Google Scholar] [CrossRef]

	



Werschmoeller, D.; Li, X.; Ehmann, K. Measurement of Transient Tool-Internal Temperature Fields During Hard Turning by Insert-Embedded Thin Film Sensors. J. Manuf. Sci. Eng. 2012, 134, 061004. [Google Scholar] [CrossRef]

	



Müller, B.; Renz, U. Time resolved temperature measurements in manufacturing. Measurement 2003, 34, 363–370. [Google Scholar] [CrossRef]

	



Li, L.; Xi, B.T.; Yang, Y.F. Thermal and rotary stresses in circular saw blades. J. Beijing For. Univ. 2002, 24, 14–17. [Google Scholar]

	



Fang, J. The Research about the Temperature Field of Circular Saw Blade on Different Cutting Conditions; Nanjing Forestry University: Nanjing, China, 2011. [Google Scholar]

	



Lee, K.M.; Huang, Y.; Ji, J.; Lin, C.Y. An Online Tool Temperature Monitoring Method Based on Physics-Guided Infrared Image Features and Artificial Neural Network for Dry Cutting. IEEE Trans. Autom. Sci. Eng. 2018, 15, 1665–1676. [Google Scholar] [CrossRef]

	



Darwish, S.; Davies, R. Investigation of the heat flow through bonded and brazed metal cutting tools. Int. J. Mach. Tools Manuf. 1989, 29, 229–237. [Google Scholar] [CrossRef]

	



Ji, R.Q.; Qi, Z.J.; Chen, J.C.; Zhang, L.; Lin, K.F.; Lu, S.S.; Li, Y.B. Numerical and Experimental Investigation on the Abrasive Flow Machining of Artificial Knee Joint Surface. Crystals 2023, 13, 430. [Google Scholar] [CrossRef]

	



Qi, H.; Wang, Y.; Qi, Z.; Shi, L.; Fang, Z.; Zhang, L.; Riemer, O.; Karpuschewski, B. A Novel Grain-Based DEM Model for Evaluating Surface Integrity in Scratching of RB-SiC Ceramics. Materials 2022, 15, 8486. [Google Scholar] [CrossRef]

	



Cheng, Z.; Qin, S.; Fang, Z. Numerical Modeling and Experimental Study on the Material Removal Process Using Ultrasonic Vibration-Assisted Abrasive Water Jet. Front. Mater. 2022, 9, 895271. [Google Scholar] [CrossRef]

	



Qi, H.; Wen, D.; Lu, C.; Li, G. Numerical and experimental study on ultrasonic vibration-assisted micro-channelling of glasses using an abrasive slurry jet. Int. J. Mech. Sci. 2016, 110, 94–107. [Google Scholar] [CrossRef]

	



Qi, H.; Wen, D.; Yuan, Q.; Zhang, L.; Chen, Z. Numerical investigation on particle impact erosion in ultrasonic-assisted abrasive slurry jet micro-machining of glasses. Powder Technol. 2017, 314, 627–634. [Google Scholar] [CrossRef]

	



Zhang, L.; Yuan, Z.; Qi, Z.; Cai, D.; Cheng, Z.; Qi, H. CFD-based study of the abrasive flow characteristics within constrained flow passage in polishing of complex titanium alloy surfaces. Powder Technol. 2018, 333, 209–218. [Google Scholar] [CrossRef]

	



Zhang, L.; Ji, R.; Fu, Y.; Qi, H.; Kong, F.; Li, H.; Tangwarodomnukun, V. Investigation on particle motions and resultant impact erosion on quartz crystals by the micro-particle laden waterjet and airjet. Powder Technol. 2020, 360, 452–461. [Google Scholar] [CrossRef]

	



Qi, H.; Qin, S.; Cheng, Z.; Teng, Q.; Hong, T.; Xie, Y. Towards understanding performance enhancing mechanism of micro-holes on K9 glasses using ultrasonic vibration-assisted abrasive slurry jet. J. Manuf. Process. 2021, 64, 585–593. [Google Scholar] [CrossRef]

	



Qi, H.; Qin, S.; Cheng, Z.; Zou, Y.; Cai, D.; Wen, D. DEM and experimental study on the ultrasonic vibration-assisted abrasive finishing of WC-8Co cemented carbide cutting edge. Powder Technol. 2021, 378, 716–723. [Google Scholar] [CrossRef]

	



An, Y.; Li, B.; Zhang, B.Y.; Yu, M.Y. Effects of temperature and centrifugal load on transverse stiffness of circular saw blades with different structures. Chin. J. Wood Sci. Technol. 2021, 35, 5. [Google Scholar]

	



Zhang, J.S.; Wang, Z.; Wang, X.L. Thermal stress analysis of new combined diamond saw blades. Diam. Abras. Eng. 2006, 152, 4. [Google Scholar]

	



Wang, Z.; Jiang, Y.C.; He., J.L.; Wei, P.X. Influence of Copper on circular saw blade thermal stress. China For. Prod. Ind. 2011, 38, 5. [Google Scholar]

	



Merhar, M.; Bucar, D.G. The Influence of Radial Slots on Dynamic Stability of Thermally Stressed Circular Saw Blade/Utjecaj radijalnih utora na dinamicku stabilnost termicki napregnutog lista kruzne pile. Drv. Ind. 2017, 68, 341–349. [Google Scholar] [CrossRef]








[image: Coatings 13 00758 g001 550] 





Figure 1. Experimental setup. 






Figure 1. Experimental setup.
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Figure 2. Schematic diagram of temperature measurement by semi-manual sandwich thermocouple method. 
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Figure 3. Dynamic artificial thermocouple sawtooth tip temperature measurement. 
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Figure 4. Position relationship of workpiece, saw blade, and thermocouple wire. 
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Figure 5. Modeling construction of carbide circular saw blade: (a) real one, (b) modeling one. 
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Figure 6. Relative position of saw blade and workpiece in simulation. 
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Figure 7. Mesh generation of saw blade and workpiece. 
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Figure 8. Constraints of saw blade and workpiece. 
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Figure 9. Refined mesh on workpiece cutting path. 
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Figure 10. Schematic diagram of chip formation by circular sawing. 
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Figure 11. Typical sawing thermoelectric potential curve. 
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Figure 12. Influence of blade speed on sawing temperature. 
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Figure 13. Effect of feed rate on sawing temperature. 
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Figure 14. Thermoelectric potential curve measured by artificial thermocouple. 
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Figure 15. Variation of average temperature of sawtooth tip with feed rate and rotating speed. 
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Figure 16. Saw cutting chip shape under different stages: (a) g1 cut-in, (b) g1 cutting, (c) g1 cut out. 
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Figure 17. Single sawtooth cutting square workpiece temperature field. (a) chip formation; (b) chip curl-1; (c) chip curl-2; (d) chip separation. 
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Figure 18. Temperature tracking point location. 
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Figure 19. Temperature change at each point in the simulation process. 
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Figure 20. Temperature of tracking points P3 and P4 under different process parameters. (a) point P3; (b) point P4. 
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Table 1. Properties of 45 steel.
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	Material
	Density

(g/cm3)
	Elastic Modulus (Gpa)
	Poisson’s Ratio
	Thermal Conductivity

(W.m−1.K−1)
	Coefficient of Thermal Expansion (m/m/°C)





	45 steel
	7.85
	210
	0.28
	45
	8.6×10−6
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Table 2. Chemical composition of 45 steel.
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	C
	Si
	Mn
	Cr
	Ni
	Cu





	0.42~0.50
	0.17~0.37
	0.50~0.80
	≤0.25
	≤0.30
	≤0.25
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