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Abstract

:

The paper presents the microstructural characterization of the chip roots in high-speed steels and ceramic Ti3SiC2. The process of chip formation and the obtaining of adequate samples were carried out using the quick-stop method. The tests were carried out during the milling process; the “quick stop” method was carried out in order to obtain samples of the chip roots. This method was developed in-house by the authors. The chip roots were microscopically studied by means of a light microscope (LM) and a scanning electron microscope (SEM). Before the actual analysis, preparation was performed based on the standard metallographic technique. The analysis of the high-speed steels samples showed that, for the used cutting conditions, a discontinuous chip with a built-up edge (BUE) was formed. During the processing of the Ti3SiC2 ceramic, a significant difference was manifested in the chip formation process and a powder-like chip was produced. After utilizing a careful cutting process, a chip pattern was observed, from which it is evident that chip breakage during ceramic processing occurs without prior plastic deformation. In addition, the cutting force Fc was also measured during the milling process of the high-speed steels and the ceramic, and it was correlated with the cutting speed, feed per tooth and depth of cut.
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1. Introduction


Today, when presenting different models that describe the metal cutting process, researchers largely overlook the characteristics of material properties. The lack of a reasoned analysis of the stress–deformation relationship during cutting and the formation of the chip root is particularly noticeable here. The simplified macroscopic approach that extends through scientific research studies encounters major problems when describing the cutting process in depth [1,2]. This lack of more detailed analysis is seen through the presentation of 2D or 3D models of the chip root, where the emphasis is on the thermodynamic and geometrical analysis of the chip formation. Nowadays, software support analysis based on the finite element method enables the simulation of segmental chip formation during various cutting processes [3,4,5,6,7,8,9]. The design of the segmentation process on the opposite side of the chip root is achieved by entering the appropriate mechanical properties of the tested material. This initial parameter input primarily refers to the data that describe the in-bulk deformation of the samples, i.e., the material characteristics of overall strength and deformation (modulus of elasticity, yield stress, tensile strength, elongation, hardness, etc.). However, during real testing, deviations occur between the actual microscopic images of the deformation state and the models obtained on the basis of finite elements. These deviations do not have to be significant, but certainly in terms of accuracy researchers must rely on expanded experimental analyses [10].



The research reported in the literature is very extensive regarding the examination of the chip formation process, and the summary of relevant finding is given in the following paragraphs.



In study [11], the influence of variable cutting speed on the chip formation process was analyzed the authors, and they obtained different cyclic chips with a continuous increase in the cutting speed. In addition to the speed test, research based on the application of the compression split Hopkinson pressure test, where samples of chip roots during the cutting process were analyzed, can also be noted. The aim of that study was to determine the material stress properties of the chip formation during machining of AISI 1045 steel (eqv. EN C45E) [12].



A further insight into chip formation can also be obtained through ultra-precise processing, i.e., processing at the microscale level. Here, there are studies that have dealt with the process of cutting soft materials, such as some types of pure copper or brass. At this ultra-precise level of processing, it has been observed that the crystallographic orientation has a great influence on the chip formation process [13,14]. However, most materials do not have a fully uniform structure but consist of several different phases that can make it difficult to analyze the cutting process, whether it is on a micro- or macroscale.



In study [15], the authors showed that even the two-phase microstructure of steel can be a problem for analysis. This is reflected in the example of the different properties of the phase grains of the material, which during the microcutting process have an impact on the quality of the final processing, specifically when processing Ck45 steel (eqv. AISI 1045, EN C45E) during the milling process.



Furthermore, research on the final processing and examination of the treated surface on a micro- or macroscale can be used. In this study, for the examination of the chip formation, the authors used the mesoscale, where they observed different depressions in the machined surface. For this approach, heterogeneous models, described with the help of finite element methods, were used [16].



Unlike heterogeneous models created on the basis of finite elements, homogeneous models showed a much better perception of experimental data. Thus, in a study that dealt with tests on the steel AISI 1045 (eqv. EN C45E), and where models of chip formation with a very precise homogeneous structure were obtained, it was found that there is an agreement with conventional models realized on the basis of the sample microstructure [17].



When the investigation of chip root formation during milling is considered, paper [18], which dealt with research into orthogonal milling with a different range of speeds that did not exceed 30 m/min, needs to be mentioned. These tests did not require changing the configuration of the machine tool, although samples of relatively small dimensions were obtained. These experiments were performed on the titanium alloy Ti-6Al-4V as a representative of hard-to-machine materials. The presented results were used for the rectification of the chip morphology with an emphasis on the mechanism of its formation. The authors were able to present the influence of cutting forces on the process of teeth formation on the edge of chips.



The literature article [19] explains the tribological behavior of the tool/chip contact pair from the aspect of friction observed immediately in front of the cutting edge of the tool. The instrumentation used here made it possible to observe the friction simulation process on the surface of the chip or tool. During this test, a friction indicator was used, whose role was to perform friction over the sample (the chip) at a constant speed. This methodology made it possible to further investigate the trail that was created based on the residual friction.



In addition to tests on conventional materials, the literature review also records research on modified new materials, such as hardened tool steel with an extremely high hardness, about 55 HRC [20]. These materials have found application in the tool industry, where they are characterized by extremely good mechanical properties that enable the high durability of tools. Research on this difficult-to-work material was carried out in order to study the influence of variable parameters during processing on the string. The feed, cutting speed and depth, which are adjusted on the machine, were varied, while the cutting width was examined by modifying the tool position itself. These parameter variations made it possible to gain insight into the mechanism of tool wear when cutting Uddeholm (Hagfors, Sweden) Impax HI Hard steel (modified AISI P20), as well as the influence of chips, by means of a scanning electron microscope.



The influence of surface shear stress on the chip morphology is presented in article [21]. The authors show the influence of contact pressure on the cutting force and compare it with experimental results, where deviations of less than 10% were obtained.



In addition to conventional low-speed processing, with the development of machine tools, research also began on high-speed processing, as shown in article [22]. The authors examined the machinability of hardened steel of high hardness, from 51 to 62 HRC, from the aspect of chip formation. A continuous and serrated chip is observed depending on variable parameters such as axial depth of cut, speed and feed. According to the experiments, conclusions were drawn that chips of different hardness can be controlled as a function of an adequate choice of the variable parameters.



In addition to variable parameters on the machine, research has also been focused on the influence of the cutting tool on the shape and morphology of the chip. A different radius of the tip of the tool, which changes from the aspect of wear, certainly affects the process of deformation of the processing material, as shown in study [23]. During the processing of the Ti-6Al-4V alloy, the influence of a sharp tool, i.e., a worn one, on the degree of chip segmentation caused by different types of deformation is shown.



Klocke et al. [24] set the axioms of theoretical research on orthogonal metal cutting. Their theoretical analysis starts from the simplest approaches to the entry of the tool material into the workpiece material, all the way to the most complex forms. Through these different forms of action of the tool on the workpiece, different characterizations of the chip formation process are theoretically described, from the point of view of the deformation zone, friction between the tribological pair tool/workpiece, temperature in the cutting zone, etc. In addition, the effects of processing parameters are described, among which the increasing effect of the feed on the shape of the edge during unstable chip formation is highlighted.



The influence of the microstructure, with an emphasis on the mechanics of chip segmentation, was investigated by the authors in study [25]. The main issue in this paper was the microstructural analysis of the fracture that was observed during the formation of the discontinuous chips. The propagation of the fracture was clearly manifested in the α–β phase during titanium processing at high cutting speeds. As the cutting speed increases, the ductility of the material also increases, due to the increased temperature. This phenomenon leads to the propagation of the fracture on the outer surface of the chip, which acquires a continuous bond with pronounced segmentation along the grain boundaries.



The dynamics of chip formation during orthogonal cutting of titanium alloys was also investigated by the authors in study [26]. A high-speed imaging system was used to investigate chip segmentation geometry, segmentation frequency and critical strain.



Based on the science that deals with the deformation of materials, that is, the theory of plasticity, new postulates relating to narrow areas of deformation are established. This primarily refers to the areas of chip root formation and the effect of fracture formation [27].



The directions of research into the chip formation process are oriented towards clarification of the mechanism under which material separation occurs, i.e., clarifying the most influential factors at work. Great importance is given to the research of cutting forces. In this sense, the aim of this paper is to study the process of chip formation when cutting high-speed steels and the ceramic Ti3SiC2, materials that are difficult to process, and to explore where specific mechanisms of chip formation could be obtained. Furthermore, chip formation will be correlated with the parameters of the cutting process, such as the resulting force, and then depth, feed and cutting speed. In this paper, the authors provide answers to the principles of chip formation in multiphase materials, as well as the effects that influence the mechanism of fracture formation, based on metallographic observations. In addition, the ratio of the resulting cutting forces is shown, which gives a comparative view of the machinability of the high-speed steels and the special ceramic Ti3SiC2.



By comparing the machinability of high-speed steels and the ceramic Ti3SiC2, in addition to new information about the process of chip root formation, we intend to point out the possibility of the implementation of ceramics in areas where only high-quality steels were represented until now. As an example, there is the growing phenomenon of making cutting tools, where ceramic materials have also found extensive application. Furthermore, the high thermal resistance of ceramics additionally demands that focus should be given to experimentally investigating these ceramic materials.




2. Presentation of the Chip Formation Model


The distinct complexity of phenomena in the cutting zone makes it impossible to set up a reliable, simple and comprehensive mathematical model of the stress and deformation state, based on which the principle and mechanism of chip formation during cutting can be known and explained. Among the developed theoretical schemes, some characteristic models of chip formation can be singled out, which are shown in Figure 1.



According to the model shown in the Figure 1, it is assumed that the entire plastic deformation takes place along one straight OB, which is at an angle  ϕ . This allows the entire complex process of plastic deformation to be represented by a simple process of continuous successive slips of shear deformations. From the perspective of this model, the layer of material below the plane OB is undeformed, and the layer above the plane is completely transformed into a chip.



The importance of the shear angle  ϕ  in the science of cutting, and especially in the theory of machinability, is very great. This angle represents the basic characteristic of the cutting process because it defines the direction of plastic deformations in the shear plane. It is also used as a criterion for assessing the machinability of the material: with larger values of the angle  ϕ , a higher quality of the machined surface, a lower cutting resistance and a strip shape of the chip is obtained, and vice versa.



Based on this model, it is possible to define the sizes of plastic deformation:


  Angle   of   shear :   tg ϕ =   cos γ    a   a c    − sin γ    



(1)






  Size   ( intensity )   of   shear   deformation :    g k  =   cos γ   sin ϕ cos ( ϕ − γ )    



(2)







Starting from the theory of plasticity, materials science and the results of experimental tests, the general flow of the cutting process can be divided into three characteristic phases:




	(i)

	
Phase of initial (elastic) deformation;




	(ii)

	
Phase of plastic deformation of the cut layer;




	(iii)

	
The phase of destruction of the material by the formation and removal of chips.









Processes on the contact surfaces of the cutting tool (friction, wear, etc.), the deposit phenomenon and other phenomena contribute to the fact that the exposed models of chip formation represent approximate and very simplified models of the cutting process. Figure 2 shows some of the possible phenomena during chip formation. In addition to the deformation of the material layer in the shear zone, deformation also occurs along the rake surface, where certain types of deposit are created due to the adhesion process. In addition to these phenomena, there are also other deformation zones that, due to the stress of individual phase grains, lead to the appearance of microcracks and, later, cracks.



It follows from this that, even under the best cutting conditions, chip formation takes place with intense plastic deformation of the affected layer in a localized area, resulting in large deformation strengthening, structural changes and, finally, chip breakage.



Therefore, knowing the behavior of materials during the chip formation process is the only way to understand the main economic and practical problems related to processing speed and tool durability.




3. Experimental Procedure


In this study, the following materials were used as workpiece materials during cutting: the high-speed steels HS 6-5-2-5 and HS 6-5-2C (designation according to the EN ISO 4957 standard) and Ti3SiC2 ceramic [28], produced in the Department of Materials Engineering, Drexel University, USA. The reason for the comparison of these two materials is that ceramics can be used as a replacement for high-speed steel due to their properties. Ceramic is applied in contexts in which its high temperature resistance, wear, resistance to corrosive environments and oxidation, and like steel electrical conductivity is required. It is used in the space and air industry as well as in other industries. The chemical composition of high-speed steels is presented in Table 1, while the composition of the ceramic Ti3SiC2 is given in Table 2. The mechanical properties of the Ti3SiC2 ceramic were as follows: compressive strength of 600 MPa, hardness of 4 GPa (approximately 408 HV) and Young’s modulus of 320 GPa [28]. According to the literature [28], the Ti3SiC2 ceramic is relatively soft, but reasonably stiff, and it is considered to possess a high fracture toughness. Furthermore, authors state that it is readily machinable as graphite and that it is probably self-lubricating.



The experiments were performed on a vertical milling machine with a milling head. The samples were obtained after a quick stop of the milling process, and then they were prepared for metallographic analysis. The process of obtaining samples requires the creation of identical test specimens, in order to fulfill the reproducibility of the results. The method of stopping or breaking samples is based on cracking the weakest part of the test specimen using excessive cutting force. This method of obtaining adequate samples was developed by the authors of this article [27,29].



A schematic representation of obtaining samples of the root of the chips during the milling process is given in Figure 3. When obtaining these samples, great precision is required in determining the minimum section of the test specimen (Amin) at which cracking will occur due to excessive cutting force in relation to the strength of the processing material. The tool is placed orthogonally in relation to the obtained sample, in order to obtain the same geometry in each section along the root of the chip. As a cutting tool, rotating inserts made of quality hard metal were used, with the following characteristics: rake angle γ = 0°, clearance angle α = 11°, l = IC = 12.7 mm, s = 3.18 mm, bs = 1.4 mm and bε = 1.4 mm.



The correct selection and preparation of the samples in almost all conditions is of crucial importance. Certainly, material testing is an important step in the quality control process of almost all production cycles. The purpose of macro- and microstructure examination is to reveal the morphology, characteristics and type of the material structure. In the course of this research, the samples were microstructurally examined after standard metallographic preparation: SiC paper grinding (grid from 220 up to 2500), and diamond suspension polishing (diamond grain size of 6, 3, 1 and ¼ μm), were used. The microstructure was revealed by etching with 3% nitric acid solution in alcohol (3% nital). All specimens were examined with a Leitz Orthoplan (Wetzlar, Germany) light microscope (LM) or with the scanning electron microscope (SEM) JEOL JSM35 (Tokyo, Japan) with an acceleration of 25 kV. Furthermore, SEM was used also for macroscopic examination of unprepared chip roots.



When detecting cutting forces, a standard three-component dynamometer type 9257A (Kistler, Wien, Austria), which works on the principle of piezo crystal sensitivity, was used. The signals detected in this way are transmitted by specially insulated cables to the computer, where their computer data processing is performed. On this transmission path, it is necessary to translate and amplify the detected signals into an appropriate size that is understandable by an analog-to-digital converter. The device that converts these signals (pico-coulombs into millivolts) is a multichannel amplifier, type 9257A (Kistler, Wien, Austria). In this way of transmitting the signal from the dynamometer, it is also necessary to use the multifunctional board ED 428 (Electronic Design, Beograd, Serbia), in which the immediate conversion of analog to digital signal and vice versa is performed. In this measuring chain, the signals can be increased in the range from 1 to 100. When implementing this instrumentation, it is necessary to set the direction of sensitivity from the aspect of compressive or tensile forces that are manifested on the dynamometer. This type of force is adjusted using jumpers that have the following options: ±5 V, ±10 V, 0–5 V and 0–10 V. In the case of the milling process, where non-alternating positive or negative loads occur, it is necessary to adjust the jumper to the sensitivity of ±10 V.



Monitoring was supported by a computer and adequately developed software for experimental data processing and storage (Figure 4). The dynamometer was mounted on the table of the vertical milling machine and the cutting tool of the face mill was 125 mm in diameter with one cemented carbide insert. Different cutting parameters were tested at intervals: cutting speed v = 1.8 to 3.7 m/s, feed f = 0.145 to 0.223 mm/tooth and depth of cut a = 0.7 to 1.5 mm. The cutting force sampling frequency was 400 samples per second.




4. Results and Discussion


After macro- and microscopic observation of the obtained chip roots for high-speed steels, it can be concluded that they were very similar; see Figure 5 and Figure 6. This is primarily reflected in the length of the chip, which was short, and also in the method of breaking, which was extremely easy. From the aspect of the chip continuity, it can be stated that the obtained chip was discontinuous. All produced chips were accompanied by the intensive plastic deformation and material fracture.



The microstructure of the high-speed steel HS 6-5-2-5 chip root produced during cutting is shown in Figure 5. The appearance of the built-up edge and the difficult plastic deformation of the cutting layer influence the poor quality of the workpiece surface roughness and the higher values of the cutting forces. This places the high-speed steel HS 6-5-2-5 in the group of difficult-to-machine materials.



The second type of high-speed steel HS 6-5-2C is shown in Figure 6. With this steel, a more intensive occurrence of material deposition at the chip root (BUE) was observed. These phenomena are related to the chemical composition of the high-speed steel HS 6-5-2C, in which a greater presence of cobalt is recorded. The appearance of the deposit is correlated with the reaction of iron and cobalt at elevated temperatures.



Through the cutting edge of the tool, the continuous movement of the processed material is achieved so that a new particle of material always comes into contact with the same surfaces of the tool. This continuous repetition heats the surfaces, which results in the constant maintenance of a very high rate of dissolution, characteristic of the initial period of diffusion. The speed of diffusion on the contact surfaces depends primarily on the temperature, but also on the relative dimensions of the atoms, their mutual chemical effects and the mutual solubility of the materials. In the case of high-speed steel, iron atoms diffuse from the high-speed steel into the processed material until the carbide particles are isolated to such a degree that they practically remain without the necessary connection with the base mass, when their dispersion occurs.



The sliding process of the lamellae took place typically along the shear plane. Deformation bands in the form of lamellae are visible in the images (Figure 5b and Figure 6b) and their direction coincides with the direction of chip formation. The discontinuous chip is produced because in the microstructure of high-speed steels, a network of high alloy ledeburite carbides (large, elongated particles) and other alloyed secondary carbides (small spheroids) in the ferrite matrix (dark) are present (Figure 7 and Figure 8). The arrangement of ledeburite carbides and their size determines the behavior of the material during processing because plastic deformation is difficult in the zones of large ledeburite carbides. In order to better understand the behavior of the material during cutting, it is necessary to look at the microstructural phases in the material. It was observed that the highly alloyed ledeburite carbides have the form of non-deformed particles that are characterized by high brittleness. However, during the average plastic deformation of these lamellae and their stacking on top of each other, a microcavity appears. These microcavities join together and form microcracks (Figure 9). During the coalescence of microcavities, there is an increase in internal stresses in the chip, especially in the part where the lamellae shear. The occurrence of this effect, i.e., the formation of cracks under a constant increase in the deformation stress, leads to chip breakage.



During the discussion about the cutting of high-speed steel, the formation of the built-up edge (BUE) was mentioned (Figure 10). This phenomenon is the product of several effects, among which the following stand out: processes of diffusion of certain chemical elements of the base material of the tool or workpiece, and then the process of adhesion of the surface and removal of protective coatings, temperature, compressive stresses and other secondary effects. It should also be noted that the appearance of deposits is mainly related to multiphase materials. When one wants to give a description of BUE, it must be emphasized that it consists of non-cohesive elements that are bonded to each other due to pressure forces. The BUE represents highly deformed layers of complex structures with the presence of cavities, which grow over time and accelerate the separation of the deposit. The BUE appears in the frequency interval that is affected by a large number of the previously mentioned effects.



The complex microstructure of Ti3SiC2 ceramics in etched conditions, obtained on the light microscope, is shown in Figure 11. The microstructure consists of the Ti3SiC2 matrix (main phase), with a small amount of TiC particles and around 5% of porosity. When performing the experiment, it is necessary to make an adequate choice for the processing parameters. If favorable regimes are not determined under which the material is removed from the ceramics, the powder form of the chips may appear, that is, the root of the chips may not be visible (Figure 12). However, if attention is paid and precise processing is carried out, this primarily means ensuring the stability and rigidity of the sample; with adequate processing parameters, a visible protrusion representing the chip root can be obtained (Figure 13 and Figure 14).



In the primary cutting zone of the Ti3SiC2 ceramic workpiece specimens, fracture appears without previous plastic deformation. The fracture initiates in the primary shear zone and propagates towards the chip free surface. However, the fracture was not only present in the primary and secondary shear zone, but the fracture split-off was observed in the uncut surface of the chip root samples as a consequence of the tool high pressure (Figure 14).



In addition, as in the case of high-speed steel, the appearance of microcavities which formed in the Ti3SiC2 ceramics chip was recorded, which can be seen from Figure 15. This phenomenon also contributes to a more intensive breakage of the chip in the ceramic.



There are different qualifications that define the shape of the chip as well as the formed root [30,31]. On the basis of the literature sources about the chip root, it is established that lamellar chips are formed in high-speed steels and ceramics as well. In the case of high-speed steel, there is a tendency towards a continuous-cut shape of the chip, while in the case of ceramic materials, there is a more pronounced tendency towards the classic discontinuous shape of the broken chip.



The Cutting Ratio (or chip thickness ratio) factor was measured on some samples of the high-speed steel and was in the range of (λ = 5 ÷ 6°), which falls out of the range of good machinability. For ceramics, it was not possible to measure this factor, and accordingly, no emphasis was placed on researching this type of machinability.



Table 3 shows the components of cutting forces during Ti3SiC2 ceramic processing for one procedure. The measurement was performed using the measurement acquisition system shown in Figure 3.



In the case of the acquisition of the Fx, Fy and Fz cutting force components, the transfer of the component is as follows: Fc—main cutting force, Fr—radial force component and Fp—force component propagating the Fa—axial force component, defined through Equations (3)–(6), illustrated in the scheme in Figure 16. Fc (the main cutting force) is the most representative force for analysis [32].


   F c  = −  F x  · sin φ +  F y  · cos φ  



(3)






   F p  =  F c  · cos φ +  F r  · sin φ =  F y   



(4)






   F r  =  F x  · cos φ +  F y  · sin φ  



(5)






   F a  =  F z   



(6)







Figure 17 shows an example of the appearance of orthogonal components of the cutting force pattern Fx, Fy and Fz, per one revolution of one tooth milling tool, with machining high-speed steel workpiece versus time for the presented constant cutting conditions.



Figure 18 shows the influence of cutting speed on the main cutting force component Fc for both materials machined in the study. The main cutting force component Fc increases very slowly in contrast to the cutting speed for the high-speed steels, while for the ceramic, it remains approximately constant.



The influence of feed on the main cutting force component Fc for both materials machined is shown in Figure 19. As shown in Figure 19, the main cutting force component Fc increases more significantly when feed increases for the Ti3SiC2 ceramic.



The maximal values of the main cutting force component Fc according to the pattern in Figure 15 and Equation (1) are presented in Figure 18, Figure 19 and Figure 20, for different cutting conditions.



The influence of depth of cut on the main cutting force component Fc for both materials machined is shown in Figure 20. The main cutting force component Fc increases significantly when cutting depth increases for both the machined materials.



The main cutting force component Fc for the Ti3SiC2 ceramic is considerably smaller for all investigated cutting conditions, which verifies that it has better machinability than high-speed steels. This is a great advantage of the Ti3SiC2 ceramic, which is not characteristic for other kinds of ceramic when machining. It is known from the literature that if the cutting force is greater, the machinability of the material is impaired [33,34,35,36].



When we observe the microstructural influence, as well as the processes that occur during the formation of the chip root, it is noted that when the cutting speed is increased, the force increases during the processing of high-speed steel, while this value remains constant in the case of ceramics. This phenomenon can be related to a more intensive deposition process when processing high-speed steel, which is more intensive at higher temperatures due to the adhesion effect on the rake face of the tool. Such a deposit prevents the proper formation of chips and thus affects the size of the cutting force. When the feed and cutting depth are varied, i.e., the surface section of the cutting layer, a brittle material such as ceramics separates in the form of lamellae that are constantly stressed by pressure and sliding in the chip formation zone. Such constant mechanical loading leads to an increase in dynamic cutting forces, which manifests itself in the resulting cutting force shown in the experiment.




5. Conclusions


According to the results of the study, the following conclusions can be summarized.



During the processing of high-speed steels, the chip root with a high-plastic deformation was obtained. The strip shape of the lamella increased its degree of deformation with the growth of the chips. The growth of the chips was interrupted due to breakage in the zones where microcracks were present, which were formed by the coalescence of microcavities. The appearance of microcracks was also recorded in the vicinity of the shear zone. The ledeburite carbides had a significant influence in the chip breaking process. Their appearance in the form of a coarse-grained or fine-grained phase had an impact on the intensity of plastic deformation.



During the Ti3SiC2 ceramic cutting, a powder-like chip was noticed. Visible chip root step on the workpiece was noticed and fracture appeared without previous plastic deformation in the primary and secondary cutting zones. However, the fracture was not only present in the primary and secondary shear zone, but the fracture split-off was observed in the uncut surfaces of the samples as a consequence of the high tool pressure influence.



The main cutting force component Fc remained approximately constant when cutting speed increased and significantly increased when the feed and depth of cut increased, for both machined high-speed steels.



The main cutting force component Fc for the Ti3SiC2 ceramic was considerably lower, which verifies that ceramic has a better machinability than high-speed steels and this is a great advantage of Ti3SiC2 ceramic machining properties.
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Figure 1. Graphic representation of chip formation. 
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Figure 2. Influential factors and processes occurring during chip formation. 
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Figure 3. The process of obtaining a chip root sample during milling. 
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Figure 4. Acquisition system for cutting force measurement. 
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Figure 5. Chip root of high-speed steel HS 6-5-2-5: (a) SEM and (b) LM; cutting conditions: v = 0.47 m/s, f = 0.088 mm/t and a = 4.3 mm. 
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Figure 6. Chip root of high-speed steel HS 6-5-2C: (a) SEM and (b) LM; cutting conditions: v = 0.37 m/s, f = 0.141 mm/t and a = 3.8 mm. 
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[image: Jmmp 07 00072 g006]







[image: Jmmp 07 00072 g007 550] 





Figure 7. Microstructure of high-speed steel HS 6-5-2-5 (LM). 
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Figure 8. Microstructure of high-speed steel HS 6-5-2C (LM). 
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Figure 9. Microcavities (MC) and microcracks (MK) on ledeburite (LC) and secondary carbides (SC) (SEM). 
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Figure 10. Formation of built-up edge (BUE) on the tool (CR–chip root material) (SEM). 
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Figure 11. Microstructure of Ti3SiC2 ceramic (LM). 
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Figure 12. (a) Chip root step on the workpiece and (b) powder-like chip during machining of Ti3SiC2 ceramic (SEM). 
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Figure 13. Cross section of chip root of Ti3SiC2 ceramic in polished conditions; for cutting conditions v = 0.93 m/s, f = 0.446 mm/t and a = 4.4 mm (LM). 
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Figure 14. Chip roots of Ti3SiC2 ceramic (SEM); for cutting conditions: (a) v = 1.18 m/s, f = 0.220 mm/t and a = 3.8 mm; (b) v = 0.93 m/s, f = 0.279 mm/t and a = 3.8 mm. 
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Figure 15. Cross-section of the root of a Ti3SiC2 ceramic chip in the etched state (LM). 
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Figure 16. The connection between the orthogonal components (Fx, Fy) and the cutting forces (Fc, Fp, Fr), as a function of time (t), i.e., angle ϕ. 
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Figure 17. Orthogonal components of cutting force patterns of one tooth per revolution. 
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Figure 18. Relation between cutting speed and main cutting force component Fc. 
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Figure 19. Relation between cutting feed and cutting force component Fc. 
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Figure 20. Relation between the depth of cut and the main cutting force component Fc. 
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Table 1. Chemical composition of HS steel (mass. %).
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	C
	W
	Mo
	Co
	Cr
	V
	Si
	Mn
	P
	S
	Fe





	HS 6-5-2-5
	0.93
	6.27
	4.85
	4.58
	3.84
	1.76
	0.42
	0.28
	0.025
	0.005
	Balance



	HS 6-5-2C
	0.92
	6.54
	4.89
	-
	3.86
	1.83
	0.20
	0.23
	0.026
	0.002
	balance
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Table 2. Chemical composition of ceramic.
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Ti

	
Si

	
C






	
Ti3SiC2

	
at. %

	
50

	
16.67

	
33.33




	
mass. %

	
73.38

	
14.35

	
12.27
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Table 3. Measured components of cutting forces during cutting of Ti3SiC2 ceramics.
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No.

Samples

	
Time [s]

	
Orthogonal Components of Cutting Force




	
Fx [N]

	
Fy [N]

	
Fz [N]






	
1

	
0

	
14

	
−15

	
−6




	
2

	
0.0025

	
−32

	
76

	
17




	
3

	
0.005

	
283

	
603

	
249




	
4

	
0.0075

	
244

	
784

	
292




	
5

	
0.01

	
221

	
930

	
325




	
6

	
0.0125

	
102

	
1098

	
336




	
7

	
0.015

	
0

	
1151

	
353




	
8

	
0.0175

	
−162

	
1270

	
344




	
9

	
0.02

	
−279

	
1271

	
353




	
10

	
0.0225

	
−419

	
1302

	
374




	
11

	
0.025

	
−632

	
1318

	
341




	
12

	
0.0275

	
−758

	
1276

	
352




	
13

	
0.03

	
−893

	
1218

	
324




	
14

	
0.0325

	
−1033

	
1175

	
344




	
15

	
0.035

	
−1128

	
1030

	
336




	
16

	
0.0375

	
−1244

	
958

	
317




	
17

	
0.04

	
−1308

	
783

	
387




	
18

	
0.0425

	
−1372

	
687

	
323




	
19

	
0.045

	
−1510

	
555

	
375




	
20

	
0.0475

	
−1478

	
438

	
371




	
21

	
0.05

	
−1478

	
274

	
345




	
22

	
0.0525

	
−1447

	
129

	
329




	
23

	
0.055

	
−1365

	
7

	
364




	
24

	
0.0575

	
−1360

	
−125

	
343




	
25

	
0.06

	
−1236

	
−224

	
378




	
25

	
0.0625

	
−1151

	
−297

	
336




	
27

	
0.065

	
−1050

	
−376

	
348




	
28

	
0.0675

	
−897

	
−413

	
309




	
29

	
0.07

	
−688

	
−471

	
286




	
30

	
0.0725

	
−46

	
−39

	
−16




	
31

	
0.075

	
31

	
−40

	
−22




	
32

	
0.0775

	
8

	
35

	
−34




	
33

	
0.08

	
−28

	
−15

	
−20




	
34

	
0.0825

	
16

	
19

	
−59




	
35

	
0.085

	
−19

	
−14

	
−5




	
36

	
0.0875

	
23

	
−68

	
19




	
37

	
0.09

	
12

	
12

	
10




	
38

	
0.0925

	
−24

	
−11

	
−3
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