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Abstract

:

The performance properties of various types of parts are predominantly determined by the subsurface layer forming methods of these parts. In this regard, cutting processes, which are the final stage in the manufacturing process of these parts and, of course, their subsurface layers, play a critical role in the formation of the performance properties of these parts. Such cutting processes undoubtedly include the drilling process, the effect of which on the mechanical characteristics of the drill holes subsurface layers is evaluated in this study. This effect was evaluated by analyzing the coincidence of the energy characteristics of the short hole drilling process with the mechanical characteristics of the drilled holes’ subsurface layers. The energy characteristics of the short-hole drilling process were the total drilling power and the cutting work in the tertiary cutting zone, which is predominantly responsible for the generation of mechanical characteristics in the subsurface layers. As mechanical characteristics of the drill holes’ subsurface layers were used, the microhardness of machined surfaces and total indenter penetration work determined by the instrumented nanoindentation method, as well as maximal indenter penetration depth, were determined by the sclerometry method. Through an analysis of the coincidence between the energy characteristics of the drilling process and the mechanical characteristics of the subsurface layers, patterns of the effect of drilling process modes, drill feed, and cutting speed, which essentially determine these energy characteristics, on the studied mechanical characteristics have been established. At the same time, the increase in the energy characteristics of the short-hole drilling process leads to a decrease in the total indenter penetration work and the maximum indenter penetration depth simultaneously with an increase in the microhardness of the drilled holes’ subsurface layers.
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1. Introduction


The aspiration to ensure the specified performance properties of critical parts necessitates the search for ways to realize this assurance. One of the possible ways to solve this problem is the application of technological methods, in particular, cutting processes that generate specific subsurface layer mechanical characteristics of parts for various devices and mechanisms in the machining process [1]. These are the characteristics generated by the various cutting processes that are responsible for the sought-performance properties [2]. The relationship between mechanical characteristics and performance properties is particularly significant for critical complex-profile parts [3] functioning in alternating and high contact loads [4]. The mechanical characteristics of the machined subsurface layers of parts that correlate quite closely with various performance properties of these parts include the characteristics of the machined material structure, microhardness of these layers [5], distribution of residual stresses in these layers [6], and the surface integrity of the machined parts [5,7]. Although each of these mechanical characteristics correlates with the performance properties of machined parts separately, this relationship is unilateral. This transforms into a significant problem when it is necessary to consider the interrelation of multiple mechanical characteristics with performance properties simultaneously. It is especially aggravated when analyzing spatial cutting processes with a significant gradient of tool contact conditions with machined material and gradient of cutting modes, for example, when analyzing one of the oldest machining processes—the drilling process [8]. The use of generalized (integral) mechanical characteristics of subsurface layers is of considerable help in these cases. The characteristics determined by instrumented nanoindentation [9] and sclerometry [10] are used as such characteristics.



The presented study is a continuation of earlier research [11] and its development in terms of investigating the coincidence of mechanical characteristics of holes subsurface layers formed as a result of thermomechanical contact between the tool and the machined material under the conditions of the short hole drilling process.




2. Mechanical Characteristics Determination of Drilled Subsurface Layers


One of the most common and complex cutting processes for various materials is the drilling process [12], occupying 30% to 50% of all cutting processes [13]. In this regard, the drilling process has attracted the attention of many researchers [14]. Along with numerous experimental and theoretical studies of various drilling processes using different types of drills, considerable attention has also been paid to the study of mechanical characteristics of the drill holes subsurface layers [15,16]. These investigations include surface integrity studies [5], which involve studies of the microstructure and microhardness of subsurface layers [7], as well as residual stresses in these layers [6] formed as a result of the drilling process [8].



The influence of contact conditions and peculiarities of the drilling process with the insertion of additional energy in the form of vibrations on the surface integrity, in particular on the plastic degree deformation of the machined material, its microhardness distribution, the magnitude of residual stresses and others is the subject of a study by Sun and colleagues [17]. Strodick et al. studied the effect of cutting modes on surface integrity during deep-hole drilling with BTA drills [18]. The focus of Ren and Liu’s study was the effect of cutting modes on the work hardening of machined material [19]. The study results of the residual hole surface roughness dependence on cutting modes during the drilling of AISI H11 tool steel are presented in the work of Garg and Goyal [20]. Studies by Lacombe and colleagues proved the significant influence of microhardness, as one of the characteristics of drilled hole surface integrity, on the fatigue strengths of aluminum alloy parts [21]. The authors of the study also noted significant dependence of such characteristics of drill hole surface integrity as machined surface roughness, microhardness, and microstructure of machined subsurface layers on cutting modes [22].



Recently, researchers have also been attracted to the study of surface integrity characteristics of the surface machined by drilling various heterogeneous materials, mainly composite materials. In addition to the accepted surface integrity characteristics, such studies also consider the delamination processes of composite materials [23], dislocation development [24], and dislocation degree [25] of the mentioned composite materials. A significant number of publications are devoted to the study of surface integrity characteristics of holes during the drilling of difficult-to-machine materials, such as titanium alloys and nickel-containing alloys. In the study of titanium alloy drilling, the alloy Ti-6Al-4V was generally used as the machined material. While analyzing the microstructure of the hole subsurface layers during the drilling of titanium alloy Ti-6Al-4V, Varote and Joshi found a relationship between such characteristics of the microstructure as grain size and disorientation angle with drilling modes and the presence of lubricating and cooling fluids [26]. Similar studies were carried out by Haddag et al. [27], using the analysis of the microhardness distribution of subsurface layers to estimate the microstructure of these layers. Wang and colleagues related the microstructure of subsurface layers to their microhardness and residual stress distribution in these layers [28]. A significant part of studies on the drilling process of titanium alloys is devoted to the dependence evaluation of the roughness geometric parameters of drilled holes on the cutting process conditions, particularly the drill feed and cutting speed [29,30]. Considerable attention is also paid to the analysis of microhardness of cutting machined subsurface layers of titanium alloys during drilling [31,32], the influence of various lubricating and cooling fluids and methods of their supply to the cutting zone on the formation of surface integrity characteristics [33], the analysis of the influence of special geometrical parameters of drills on surface integrity [34], and others.



In the study of the surface integrity of drilled holes in nickel-containing alloys, Inconel 718 alloy served as a prime example of the machined material. Lotfi et al. evaluated the relationship of drilling conditions of Inconel 718 alloy, in particular, drill feed and the drill revolutions number, with the microhardness of holes subsurface layers, microstructure, and roughness height parameters [35]. They analyzed the influence of the cutting modes noted above on the microstructure characteristics using a numerical drilling model. A study of the drilling process conditions effect of nickel alloy UDIMET 720 on the surface topography of drill holes’ subsurface layers and microhardness is presented in research by Dutilh and colleagues [36]. The influence of tool geometric parameters on the structure of Inconel 718 alloy was evaluated in a study by Xu and colleagues [37]. The study by Rahim and Sasahara [38] concentrated on analyzing the effect of the coolant delivery method and its composition on surface integrity characteristics such as microhardness of subsurface layers, surface roughness of drill holes subsurface layers, and plastic deformation of subsurface layers in the machined Inconel 718 alloy. Karabulut and Kaynak showed the possibilities of improving the machined surface quality compared to the drilled surface in the same deformed alloy by studying the drilling process of additively manufactured Inconel 718 alloy [39]. Its height roughness parameters were used to evaluate the surface quality.



The residual stress distribution in subsurface layers due to the cutting process and the significant influence of this surface integrity characteristic on the fatigue resistance of machined parts is of particular interest to researchers. The methodological peculiarities of determining residual stresses in the holes’ subsurface layers formed during drilling were studied by Girinon and colleagues [40]. Nobre and Outeiro developed an experimental and numerical method to estimate the residual stresses in the subsurface layers of the workpiece formed by the drilling process [41]. An analytical model for calculating residual stresses in subsurface layers induced by the drilling process was developed by Rasti and coworkers [42]. The developed model was based on the analytical model of orthogonal cutting, equivalently transformed to the conditions of the main cutting edge of the drill. Experimental values of residual stresses determined by instrumented nanoindentation were used to validate the proposed model. A numerical spatial model to simulate the residual stresses generated by the reaming process is proposed by Leveille et al. [43]. Experimentally measured cutting forces were used as boundary values of the kinetic characteristics of the reaming process. Wu and colleagues investigated the distribution of residual stresses formed in the subsurface layers of aluminum alloy sheets due to the drilling process [44]. To reduce the residual stress magnitudes, the fastening parameters of the sheet material are optimized.



The characteristics of surface integrity that are considered as a result of the drilling process on various structural materials are ambiguous and often contradictorily related to the cutting process conditions. To clarify this relationship and attempt to ensure its unambiguity, generalized (integral) mechanical characteristics of subsurface layers [11] determined by instrumented nanoindentation [45,46] and sclerometry [47,48] have recently been used. The state-of-the-art instrumented nanoindentation method [49] was developed based on the research of Atkins and Tabor [50]. Later, this method was significantly modified by creating new algorithms for analyzing test results [51] and devices for its implementation [52]. The indenter surface scratching test method, called sclerometry, was created mainly for the analysis of various coatings [53], particularly for the evaluation of the retention strength of the coating on the substrate surface [54] and the adhesion ability of coatings [55]. Subsequently, a multi-pass sclerometry method [56,57] was proposed to reduce the uncertainty in estimating the pavement failure load [58]. Significant researchers’ attention has also been directed towards the development of new devices to realize instrumented nanoindentation [59,60] and sclerometry [61], as well as improvements to existing devices [62,63]. Besides the modernization of the mechanical and electrical parts of the devices for the realization of the specified test methods, the main direction of development and research of the devices was the development of testing methodology. Research on improving instrument calibration methods [64], as well as methods for determining and evaluating measurable mechanical properties [65,66], fully relate to this.



The instrumented nanoindentation method was mainly used to determine the same surface integrity characteristics discussed above: microhardness of the subsurface layers, strain degree of the machined material, material microstructure parameters, and residual stresses in the subsurface layers. Using the instrumented nanoindentation method of five different materials in terms of deformability, Tsybenko et al. evaluated the microhardness of pre-applied scratches and the effect of test conditions on this microhardness [67]. England et al. investigated the relationship between microhardness and corrosion resistance of AM 316L steel [68]. The influence of microhardness determined using instrumented nanoindentation on precipitation strengthening of steels with different alloying is studied by Moon et al. [69].



Li and colleagues used the instrumented nanoindentation method to obtain flow curves of AISI 1045 steel [70]. Through instrumented nanoindentation, Paul et al. [71] investigated the possibility of evaluating the deformation capacity and fracture behavior of 304L steel by nanoindentation. The mechanical properties of 18CrNiMo7-6 steel were determined via instrumented nanoindentation by Zhou and his colleagues [72]. The instrumented nanoindentation method has also been successfully used to determine residual stresses in various materials, such as copper foil [73], films and coatings [74], austenitic steels [75], and other difficult-to-machine steels and alloys. The study of microstructure and mechanical properties of various materials has also been successfully performed using the sclerometry method. Fan et al. investigated the nanomechanical properties of newly synthesized high entropy alloys [76] using the sclerometry method. The effect of sclerometric modes on the mechanical properties of subsurface layers of Ti-6Al-4V titanium alloy was the focus of a study by Pratap and colleagues [77].



In addition to determining the above-mentioned individual surface integrity characteristics, the instrumental nanoindentation method and the sclerometry method are also used to determine the energetic (integral) mechanical characteristics of the subsurface layers [11,78]. Bezyazychnyy et al. investigated the influence of cutting modes, in particular cutting speed and tool feed, during the turning of chrome-nickel alloy on the accumulated strain energy of the workpiece subsurface layers [79]. The relationship between the microhardness of subsurface layers of various steels and alloys and the strain energy of the machined material was studied by Yamamoto et al. [80]. Ren and Liu [19] have established a relationship between the work hardening of Inconel 718 alloy and the turning conditions of this machined material.



Thus, the analysis of known methods leads to the conclusion that the instrumented nanoindentation method and the sclerometry method can also be used to determine the mechanical characteristics of the hole subsurface layers formed due to the drilling process.




3. Materials and Methods


The formation patterns of physical and mechanical characteristics of the workpiece subsurface layers during real spatial cutting processes, such as, for example, turning, drilling, milling, threading, and others, are of the greatest interest due to the widespread use of these cutting processes in production. This study aims to establish the relationship between the energy characteristics of the short hole drilling process and the mechanical characteristics of the hole subsurface layers formed during the drilling process. This will ensure that the desired mechanical characteristics are subsequently generated by setting the appropriate energy characteristics of the drilling process. The paper studies the formation patterns of mechanical characteristics of subsurface layers in one of the most common cutting processes—the drilling process. The mechanical characteristics study of the hole subsurface layers formed during short hole drilling is a continuation and methodological extension of the previously published study [11] devoted to the orthogonal cutting process. The flowchart of information data flow, which is a methodology for studying the coincidence of mechanical characteristics of subsurface layers formed in the drilling process with the integral characteristics of the cutting process, is presented in Figure 1.



The experimental studies are divided into two parts: measurement of cutting forces during short hole drilling and determination of mechanical characteristics of drill hole subsurface layers using instrumented indentation and sclerometry. This step is performed as the initial step. The measured components of the cutting forces are used to determine the cutting power PC. In parallel, the microhardness of the subsurface layers and the total work of indenter penetration WIN, as well as the maximum depth of indenter penetration hmax during sclerometry, are determined from the diagrams of indenter penetration into the specimens’ machined surface. These studies are performed in the second step. The third step of the study is devoted to determining the cutting work when drilling short holes in the tertiary cutting zone Adcf. Since the determination of cutting work in the specified zone experimentally causes significant difficulties for real spatial cutting processes, in particular drilling, this characteristic is determined using a numerical cutting model. In the last fourth step of the research methodology, the coincidence of the mechanical characteristics of the subsurface layers formed by the short hole drilling process with the integral characteristics of the cutting process (PC and Adcf) is identified. This is the focus of the entire study.



3.1. Materials


The machining of the test material by short hole drilling was carried out at the machining center UWF 1202 H (Hermle AG, Gosheim, Germany) (see Figure 1, top, left). The well-known AISI 1045 structural steel was used as the machined material. Table 1 summarizes the mechanical and thermal properties of the machined material. The characterization of the experimental setup, the measuring circuit for determining the components of the cutting force, the used tool (a short hole drill equipped with two carbide inserts: outer and inner) and its geometrical parameters, as well as the initial geometry of the machined workpiece, are given in a previously published study [81].



To determine the resulting cutting force FC when drilling short holes, the three components Fx, Fy, and Fz were measured (see Figure 1, top left). The feed motion during machining was carried out by displacement of the table with the workpiece fixed on a 4-component dynamometer to the drill fixed in the spindle of the machining center. The feed was varied at three levels: 0.05 mm/rev, 0.1 mm/rev, and 0.15 mm/rev. The nominal cutting speed was also varied at three levels: 50 m/min, 100 m/min, and 150 m/min. To achieve reliability of measurements, the drilling process was repeated at least five times for each set of cutting modes. The maximum error in measuring the cutting force components did not exceed 11%.



The mechanical characteristics of the subsurface layers generated during the short hole drilling process were determined using instrumental nanoindentation and sclerometry. The specimens for measuring mechanical characteristics were prepared from drilled workpieces cut into separate parts (see Figure 1, top, right). Schemes for measuring mechanical performance are illustrated in Figure 2. The Fischer Picodentor HM500 (Helmut Fischer Ltd. Institute for Electronics and Measurement Technology, Sindelfingen, Germany) measuring system was used to perform experimental studies using the instrumental indentation method [11,57]. The instrumented indentation was carried out on the specimen hole surfaces drilled at different cutting speeds and tool feeds. Berkovich indenter was used for measurements. The maximum force on the indenter was 450 mN. The measurement accuracy of the indenter applied load was 0.02 mN. The change of indenter load rate was 20 mN/s. After reaching the maximum load on the indenter during the test, a hold at the specified load for 5 s was performed (see Figure 2a). The measurement accuracy of the indenter penetration depth into the test specimen was 5 nm. Tests of the drilled specimen with each set of cutting speeds and drill feeds were repeated at least 10 times. The processing results of each obtained indenter penetration diagram were the Vickers microhardness of the drilled hole subsurface layers and the total work of indenter penetration WIN (see the diagram in Figure 2a). The processing results of loading diagrams were averaged for each set of cutting speeds and drill feeds. The largest error in measurement in the diagrams’ results processing did not exceed 10%.



Studies of subsurface layers’ mechanical characteristics of drilled holes by the sclerometry method were carried out using the device “Micron-gamma” [11,57]. To carry out the studies noted above, a Berkovich indenter was installed so that the projection of one of its edges was parallel to the vector of the indenter movement velocity. The load on the indenter during sclerometry was 100 mN, its movement speed was 20 µm/s, and the length of the produced scratch was 630 µm. The test diagram (sclerogram) determined the maximum depth of indenter penetration along the length of the produced scratch (see the diagram in Figure 2b). Sclerometric tests of the drilled specimen with each set of cutting speeds and drill feeds were repeated at least 10 times. The error in determining the maximum indenter penetration depth resulting from sclerometry did not exceed 11%. The produced scratches were analyzed visually using an optical profilometer, “Micron-alpha” (Micron Ltd., Kyiv, Ukraine) [11,57]. The image vertical resolution provided by the device “Micron-alpha” was 2 nm.




3.2. Methods


The short hole drilling process is a prime example of a real cutting process. In the cutting zones of this machining process, a three-dimensional stress-strain state of the machined material is realized [84]. Under such loading conditions, either adiabatic hardening of the machined material or isothermal softening of this material is realized in the cutting zones [83,85]. Under such loading conditions of the machined material during drilling, the corresponding mechanical characteristics of the subsurface layers are generated. Thus, the patterns of these mechanical characteristic’s generation are essentially formed by the loading conditions of the machined material, which, in turn, are determined by the cutting process characteristics. Following the analogy with the first part of the study of the mechanical properties’ formation of the machined subsurface layers [11], the total drilling power PC and the drilling work in the tertiary cutting zone Adcf was chosen as the characteristics determining the loading conditions of the machined material in the drilling process. Following the study methodology, the coincidence of the mentioned integral characteristics of the drilling process with the generated mechanical characteristics of the holes’ subsurface layers formed during the short hole drilling process will be identified.



The following relationship is used to determine the total drilling power PC [84,86]:


    P   C   =   F   C   ·   V   C   ,  



(1)




where FC—is the resultant cutting force, VC—is the cutting speed.



The deformation work of the machined material in the tertiary cutting zone Adcf was determined in the dependence of equivalent stresses σdcf acting in the tertiary cutting zone of the machined material and strains εdcf of the machined material in this zone:


    A   d c f   =   V   m   ·   ∫    t   s       t   e        σ   d c f   d     ε   d c f   ,  



(2)




where Vm is the material removal volume, ts and te are the simulation start and end times, respectively.



Determination of the deformation work of the machined material in the tertiary cutting zone during short hole drilling was performed using the previously developed numerical cutting model of the drilling process [81]. According to the developed finite element model of the short hole drilling process, the workpiece material was modeled as an isotropic material and the drill as an ideally rigid body [87]. The behavior of the machined material under thermomechanical loading during cutting was described by the Johnson-Cook constitutive equation [88,89].



The Columbian friction model was used to describe the contact interaction conditions between the drill and the machined material [90]. The friction coefficient values in different cutting zones and their areas were determined according to the previously developed methodology [91]. An algorithm embedded in the software [92] was used to separate machined material into the volume of the chip and machined workpiece body. In this regard, it was not necessary to apply a special fracture model of the machined material [93]. Determination of equivalent stresses in the tertiary cutting zone of machined material and material deformations in the process of drilling short holes were performed using tracking points. The layout of the tracking points is shown in Figure 3.



Five tracking points (P1, P2, P3, P4, and P5) were used to determine the drill work, as shown in Figure 3b. The equivalent stresses and strains of the machined material were averaged over the specified five tracking points.





4. Results


As noted in Section 3.2, the integral characteristics of the cutting process are used to evaluate the effect of the short hole drilling process on the mechanical characteristics of the drill hole subsurface layers. The total drilling power PC and the cutting work in the tertiary cutting zone Adcf are chosen as such characteristics. The total drilling power PC was determined using the resultant cutting force FC (see Equation (1)). Figure 4 shows the effect of drill feed on the resultant cutting force and cutting power at different cutting speeds. The resulting cutting force FC increases monotonically with increasing drill feed f. At the same time, the increase in cutting speed has a somewhat opposite effect: the increase in cutting speed VC causes a decrease in the resultant cutting force (see Figure 4a). Increasing the drill feed leads to a significantly greater increase in the total cutting power than in the resultant cutting force (see Figure 4b). An increase in cutting speed causes a proportional increase in cutting power.



To determine the cutting work in the tertiary cutting zone Adcf, the simulated values of equivalent stresses σdcf and corresponding strains εdcf of the machined material in the specified cutting zone are used. The stresses and strains required for this calculation are simulated using a numerical drilling model (see Section 3.2). To prove the valid simulation of equivalent stresses and strains, the adequacy of the previously developed finite element drilling model [81] was verified. The adequacy of the drilling model was tested by comparing experimentally determined and simulated values of the resultant cutting force and total drilling power. The results of this comparison are presented in Figure 5. The deviation of the experimentally determined resultant cutting force from its simulated value at cutting speed VC = 50 m/min ranges from 10.6% to 18.2% for the corresponding drill feed variation from 0.05 mm/rev to 0.15 mm/rev (see Figure 5a). The deviation between the experimentally determined and simulated values of the resulting cutting force at cutting speed VC = 100 m/min ranges from 12.1% to 22.7% for the corresponding drill feed variation from 0.05 mm/rev to 0.15 mm/rev (see Figure 5b). The specified deviations of the resulting cutting force at a cutting speed of VC = 150 m/min range from 18.6% to 26% for the corresponding drill feed variation from 0.05 mm/rev to 0.15 mm/rev (see Figure 5c). The same deviations were determined between the simulated and experimentally determined values of the total drilling power (see Figure 5d–f). Since the deviations between the experimental and simulated values of the specified drilling process characteristics range from 10.6% to 26%, it can be stated that the finite element drilling model can be used to simulate equivalent stresses and corresponding strains of machined material in the tertiary cutting zone.



The relationship between the simulated values of equivalent stresses and strains of machined material in the tertiary cutting zone determined for five tracking points, for a cutting speed of VC = 100 m/min and a feed f = of 0.1 mm/rev, is shown in Figure 6a. Figure 6b illustrates the simulated value of the dependence of cutting work on the drill feed for different cutting speeds. Cutting work Adcf increases in proportion to the increase in drill feed and also grows with rising cutting speed.



Following the study methodology (see Section 3, Figure 1), the microhardness and total indentation work, as well as the maximum indentation depth, were considered as the mechanical characteristics of drilled hole subsurface layers. The microhardness and the total indenter penetration work were determined using the instrumented nanoindentation method. The maximal indenter penetration depth was studied using sclerometry (see Section 3.1). The study results of the mechanical characteristics noted above using the instrumented nanoindentation method and a drill feed for different values of cutting speed are presented in Figure 7. The microhardness of the drill hole subsurface layers increases in proportion to the drill feed, as shown in Figure 7a. At the same time, as the cutting speed increases, the microhardness of machined material subsurface layers decreases. Increasing the drill feed leads to a monotonic lowering of the total indenter penetration work WIN, as shown in Figure 7b. Conversely, an increase in cutting speed leads to an increase in work WIN.



Cutting modes have a similar effect on the maximum indenter penetration depth hmax during sclerometry: with increasing drill feed, the depth hmax monotonically decreases, and with increasing cutting speed, the maximum indenter penetration depth increases—Figure 8.




5. Discussion


The process of short hole drilling is evident to the external environment, including an outside observer, by various phenomena and characteristics similar to other types of spatial cutting processes. The most sensitive and informative characteristics of the drilling process, which have a significant impact on the mechanical characteristics of cutting machined subsurface layers, are the integral, mainly energy characteristics of this process: total cutting power and cutting work in the tertiary cutting zone. These characteristics of the drilling process are significantly dependent on the cutting modes, in this case, the drill feed and cutting speed. This is shown by the experimental studies presented in Figure 4. The rise in cutting power with increasing drill feed is due to the proportional increase in the volume of machined material removed during the cutting process (see Figure 4a) [84,86]. The decrease in total cutting power with increasing cutting speed is due to the softening of the machined material resulting from a significant increase in cutting temperature [94] due to the increase in cutting speed [95,96]. The same influence mechanisms underlie the variation patterns of cutting work in the tertiary cutting zone as a function of changes in drill feed and cutting speed (see Figure 4b).



Cutting modes in the short hole drilling process logically also have a significant effect on the mechanical characteristics of the subsurface layers since changes in cutting modes, in particular, drill feed and cutting speed, entail significant changes in the thermomechanical effect of the drill on the machined material [95,96]. In turn, the growth of plastic strain causes hardening of the subsurface layers of machined material and, as a consequence, an increase in the microhardness of the machined subsurface layers (see Figure 7a). An increase in cutting speed has the opposite effect on the microhardness of the subsurface layers due to the softening of the machined material resulting from an increase in cutting temperature [84,86] caused by an increase in cutting speed [94]. The considered effect mechanisms of drill feed and cutting speed changes on the state of machined subsurface layers have the opposite effect on the total indenter penetration work WIN (see Figure 7b). This can be explained by the fact that the work WIN decreases with the hardening of the test material and increases with its softening. The effect of cutting modes on the maximum indenter penetration depth hmax during sclerometry can also be interpreted similarly (see Figure 8).



The influence of cutting modes on the mechanical characteristics of drill holes’ subsurface layers is simplistic and mechanistic since they do not identify the physical sense of the cutting process’s impact on these mechanical characteristics. The main factors determining the process of generating mechanical characteristics of subsurface layers as a result of the thermomechanical impact of the drill on the machined material are the hardening and softening processes of subsurface layers [95,96]. Cutting modes, in particular drill feed and cutting speed, influence the hardening or softening of the machined material. However, there is only a correlation between these cutting modes and the mechanical characteristics of the machined subsurface layers. At the same time, there is a lack of possibility to predict which processes—hardening or softening of the machined material—will prevail at which values of cutting modes.



Consequently, there is an absence of the possibility of changing the mechanical characteristics of the machined subsurface layers using a targeted approach. This possibility is available from the integral (energy) characteristics of the cutting process, particularly the characteristics discussed above: the total drilling power and the cutting work in the tertiary cutting zone. This is explained by the fact that the energy characteristics of the cutting process fully numerically reflect the effects of the thermomechanical impact of the tool on the machined material, determining the prevalence of either kinetic impact [85,86] or thermal impact [94,97].



Following the above-mentioned, the coincidence between the mechanical characteristics of the drill holes’ subsurface layers and the energy characteristics of the drilling process was analyzed. Figure 9 shows the coincidence results of indenter penetration work with microhardness and total cutting power, as well as cutting work in the tertiary cutting zone at different drill feeds. The specified coincidence of mechanical characteristics and energy characteristics of the drilling process at a drill feed of f = 0.05 mm/rev is shown in Figure 9a, at a drill feed of f = 0.1 mm/rev is shown in Figure 9b, and at a drill feed of f = 0.15 mm/rev is shown in Figure 9c.



As increasing power PC and work Adcf are caused due to increasing cutting speed, the indenter penetration work WIN increases monotonically for all studied values of drill feeds. At the same time, the microhardness of the machined subsurface layers decreases with increasing PC and work Adcf for all studied values of drill feed (see Figure 9).



Figure 10 shows the coincidence of the maximum indenter penetration depth with the total drilling power PC and cutting work in the tertiary cutting zone Adcf) at the different drill feeds indicated above. As these energy characteristics increase, the indenter penetration depth decreases.



The changes in the investigated mechanical characteristics shown in Figure 9 and Figure 10 are explained by the hardening of the drill holes subsurface layers as a result of the cutting process [84,96]. Thus, an increase in the energy characteristics of the drilling process (power PC and work Adcf), expressed in the form of subsurface layers hardening, prevents the indenter’s ability to penetrate these layers. Hence, the cutting process provides pumping a certain part of its energy into the drill holes subsurface layers, generating specific mechanical characteristics in these layers. In turn, the mechanical characteristics of subsurface layers significantly determine the service properties of parts manufactured by the cutting process, as well as their durability and serviceability. Thus, the coincidence of energy characteristics from the drilling process and mechanical characteristics discussed above allows for the required or specified service properties of manufactured parts to be provided by controlling the energy characteristics above.




6. Conclusions


The research object of the present study is to analyze the coincidence between the energy characteristics of the short hole drilling process and the mechanical characteristics of the drill holes’ subsurface layers. The energy characteristics of the drilling process are the total drilling power and the cutting work in the tertiary cutting zone. The microhardness of drill holes subsurface layers and the total indenter penetration work, as well as the maximum indenter penetration depth, were used as mechanical characteristics of the subsurface layers.



The cutting power was determined using the measured components of cutting forces. The cutting work in the tertiary cutting zone was calculated by numerical modeling of the short hole drilling process. The validity of the finite element model for the drilling process developed for this purpose was checked by comparing the measured and simulated values of the resulting cutting force. The difference between these values of cutting forces at nominal cutting speed VC equal to 50 m/min ranged from 10.6 to 18.2% for the drill feed range from 0.05 mm/rev to 0.15 mm/rev. For the nominal cutting speed equal to 100 m/min, the deviation values ranged from 12.1% to 22.7%, and for the cutting speed equal to 150 m/min, from 18.6% to 26%, respectively.



The increase in the energy characteristics of the short hole drilling process causes an increase in the microhardness of the drill holes’ subsurface layers. At the same time, this leads to a decrease in the total indenter penetration work and the maximum indenter penetration depth. The reason for this coincidence between the energy characteristics of the drilling process and the mechanical characteristics of the subsurface layers is the prevalence of the phenomenon of strain and strain rate hardening of these subsurface layers over their thermal softening.



The patterns of the identified coincidence between the energy characteristics of the short hole drilling process and the mechanical characteristics of the drill holes’ subsurface layers ensure the possibility of controlling the performance properties of the machined parts using the studied drilling process.
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Figure 1. Methodology scheme for determination of physical and mechanical characteristics of drilled subsurface layers. 
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Figure 2. Schematics for mechanical characteristics measurement: (a) measurement scheme for instrumented nanoindentation; (b) measurement scheme for sclerometry. 
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Figure 3. Layout scheme of tracking points: (a) initial geometric model of milling with a mesh and boundary conditions; (b) location of tracking points. 






Figure 3. Layout scheme of tracking points: (a) initial geometric model of milling with a mesh and boundary conditions; (b) location of tracking points.



[image: Metals 14 00683 g003]







[image: Metals 14 00683 g004] 





Figure 4. Dependence of the resultant cutting force and cutting power on drill feed and cutting speed: (a) cutting modes influence on the resultant cutting force; (b) cutting modes influence on cutting power. 
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Figure 5. Experimental and simulated values comparison of the resultant cutting force and cutting power at changing of the cutting modes: (a) cutting force dependence on drill feed at cutting speed VC = 50 m/min; (b) cutting force dependence on drill feed at cutting speed VC = 100 m/min; (c) cutting force dependence on drill feed at cutting speed VC = 150 m/min; (d) cutting power dependence on drill feed at cutting speed VC = 50 m/min; (e) cutting power dependence on drill feed at cutting speed VC = 100 m/min; (f) cutting power dependence on drill feed at cutting speed VC = 150 m/min. 
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Figure 6. Cutting work Acf in the region of the tertiary cutting zone: (a) relationship between effective stress and effective strain for five tracking points; (b) effect of drill feed and cutting speed on cutting work Acf. 
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Figure 7. Effect of drill feed and cutting speed on microhardness of drill hole subsurface layers and total indenter penetration work: (a) microhardness dependence on cutting modes; (b) indenter penetration work dependence on cutting modes. 
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Figure 8. The indenter penetration depth depends on the cutter feed. 
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Figure 9. The coincidence of the indenter penetration work and microhardness with the cutting power and cutting work in the tertiary cutting zone: (a) at a drill feed of f = 0.05 mm/rev; (b) at a drill feed of f = 0.1 mm/rev; (c) at a drill feed of f = 0.15 mm/rev. 
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Figure 10. The coincidence of indenter penetration depth during sclerometry with the cutting power and cutting work in the tertiary cutting zone: (a) at the drill feed of f = 0.05 mm/rev; (b) at the drill feed of f = 0.1 mm/rev; (c) at the drill feed of f = 0.15 mm/rev. 






Figure 10. The coincidence of indenter penetration depth during sclerometry with the cutting power and cutting work in the tertiary cutting zone: (a) at the drill feed of f = 0.05 mm/rev; (b) at the drill feed of f = 0.1 mm/rev; (c) at the drill feed of f = 0.15 mm/rev.
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Table 1. Mechanical and thermal properties of the steel AISI 1045 and carbide inserts adapted from Refs. [82,83].






Table 1. Mechanical and thermal properties of the steel AISI 1045 and carbide inserts adapted from Refs. [82,83].





	
Material

	
Strength (MPa)

	
Elastic Modulus (GPa)

	
Elongation

(%)

	
Hard-ness

	
Poisson′s Ratio

	
Specific Heat (J/kg·K)

	
Thermal Expansion (µm/m·°C)

	
Thermal

Conductivity (W/m·K)




	
Tensile

	
Yield






	
AISI 1045

	
690

	
620

	
206

	
12

	
HB 180

	
0.29

	
486

	
14

	
49.8
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