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Abstract

:

A mechanochemical effect is investigated to reduce diamond tool wear by means of applying a surfactant to low-carbon magnetic iron during diamond turning. Orthogonal microcutting demonstrates the manifestation of the mechanochemical effect through the reduction of cutting forces by 30%, which supports the notion of lower cutting temperatures for reduced tribo-chemical wear. This is affirmed by the reduction in tool flank wear by up to 56% with the mechanochemical effect during diamond turning. While wear suppression increases by 9.4–16.15% with feeds from 5–20 μm/rev, it is not proportional to the reduction in cutting forces (31–39.8%), which suggests that the reduction in cutting energy does not directly correspond with the reduction in heat energy to sustain tribo-chemical tool wear. The strain localization during chip formation is proposed to serve as a heat source that hinders the wear mitigation efficiency. Finite element simulations demonstrate the heat generation during strain localization under the mechanochemical effect, which counteracts the reduced heat conversion from the plastic deformation and the transfer from tool–chip contact. Hence, this paper demonstrates the effectiveness of the mechanochemical method and its ability to reduce tool wear, but also establishes its limitations due to its inherent nature for heat generation.
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1. Introduction


Diamond is one of the hardest materials on the Earth with excellent thermal conductivity, low thermal expansion and a low coefficient of friction, which makes it one of the most ideal cutting tool materials [1]. Presently, there is a strong demand in diamond turning for precision products in the aerospace, semiconductor and biomedical industries [2]. The wide variety of tool geometries of diamond tools available allows the fabrication of complex shaped components with excellent surface finish such as Fresnel lenses and aspherical surfaces [3]. Materials such as aluminum, copper, silver and gold are termed “diamond-turnable” in view of the possibility to be machined over long distances without causing significant tool damage [4,5]. On the other hand, ferrous metals have been often reported to possess a high chemical affinity with carbon, which leads to excessive diamond tool wear during machining [6]. Steels are the most commonly used metals due to the low costs, high strength and good machinability properties. The 316L stainless steel is one of the choice materials used in artificial implant applications due to its corrosion resistance and biocompatibility properties [7,8]. Hardened steels used in the molding industry require mirror finishing and complex geometries that precision machining is capable of achieving at high productivity rates [9]. The increasing need for the durable ferrous metal used in the manufacturing of optics encourages the research on innovative methods to improve the diamond tool life in cutting steels.



Commendable efforts in various past achievements must be acknowleged in identifying the root causes and proposing innovations to suppressing diamond tool wear when cutting ferrous metals. In diamond turning, tribo-chemical wear occurs at an accelerated rate when the diamond and ferrous metal surfaces are in contact to initiate a chemical reaction based on the thermodynamics of carbon phase transition, where diamond is an unstable form of carbon and transforms into graphite under the right temperature and pressure conditions. One of the earliest theories leading to a greater understanding of the wear mechanism was introduced by Paul et al. [10] where a link was drawn between the severity of tool wear and the number of unpaired ‘d’ electrons of the metallic workpiece, such that the existence of unpaired electrons would suggest that the material element is not diamond-turnable. It has also been generalized that the surface layers of sp3 carbon of diamond restructure themselves into the powdery sp2 graphite form, in the presence of iron as a catalyst [11]. In other words, the interaction with a ferritic material acts as a catalyst to reduce the transition energy required for the stretching of C–C bonds that allows the restructuring of carbon atoms and eventually stabilizes in the graphite configuration [1]. Therefore, the root causes for reaction in tribo-chemical wear can be narrowed down to: (i) the interfacial temperature and (ii) the reactants involved.



In recent decades, several diamond tool wear mitigation techniques have been proposed to tackle the root causes as summarized in Table 1, which can be categorized into three main groups that either alter the machining environment, enhance the tool, or modify the work material. Multiple techniques have been shown to be highly successful at mitigating tool wear and producing optical-grade finishing, but the methods may have produced other undesirable implications on the final product surface.



Cryogenic turning can effectively reduce diamond tool wear by magnitudes of 10 after a cutting distance of 1000 m [13,14]. The retarded graphitization process enables the achievement of excellent surface finishing of <25 nm Ra [12]. However, how the intensely low-temperature machining environments affect the mechanical properties of the produced component has not been established. Ultrasonic elliptical vibration assisted machining (UEVAM) is also an effective wear reduction technique [19], which becomes particularly idealistic when coupled with the supply of oxygen into the cutting zone, to form oxide layers that serve as barriers between the cutting tool and workpiece [20]. However, oxide films will exhibit different mechanical responses to applied stresses such as the change in near-surface dislocation mobility [21].



While protective coatings [13] and the ion doping [17,18] of the cutting tool may not have any or present any obvious implications on the machined surface, each of these methods have their unappealing downsides. The coating method is still susceptible to abrasive wear, which would eventually leave the diamond tool exposed to chemical wear. In addition, the protective layer increases the effective tool edge radius, which gives up the unique advantage of a single crystal diamond cutting tool with a nanometric edge radii. The success of the ion implantation method is still questionable with a generally positive wear reduction outcome and few reports on higher wear rates when using doped tools [13].



The intentional alteration of work material composition has also showcased the reduction in diamond wear, such as the increase in carbon content [22] and the nitriding of steels [13]. Strictly speaking, this methodology bypasses the diamond tool wear problem by replacing the work material with a de facto surface-modified sample, rather than solving the problem directly. Recently, a rise in research activity on the benefits of a mechanochemical effect in machining can be observed, where the mechanical properties of the workpiece surface is temporarily altered under the influence of a surfactant [23]. To date, there have been no reports on the mechanochemical effect as a workpiece modification technique to suppress diamond tool wear when cutting ferrous metals. Thus, the aim of this paper is to explore this method as an alternative technique to mitigate diamond tool wear without adversely altering the machined surface.




2. Mechanochemical Effect


The phenomenon to temporarily alter the material properties has been realized through the chemical interaction (chemisorption) of a surfactant on a metal surface. The adsorption of surface-active media (SAM) was believed to reduce the surface energy of a material, which resulted in the embrittlement or enhanced plasticity in a solid [24]. This effect, named after its discoverer P.A. Rehbinder [25] as the “Rehbinder effect”, inadvertently influences the machining process by altering the plastic deformation during chip formation. Chaudhari et al. [26] applied marker ink in the microcutting process of copper and aluminum and saw a reduction in machining forces by 50% and 30%, respectively. Together with the reduction in cutting forces, thinner chips with reduced plastic deformation were observed when machining the surfactant-applied metal surfaces. Udupa et al. [27] also witnessed the transition from sinuous chip flow to a segmentation type with fractures on the free surface during the orthogonal mesoscale cutting of copper with glue as the SAM.



Under normal microcutting circumstances, the work material grains were presumably forced to shear by slip deformation toward the free surface of the chip resulting in a sinuous flow of repeated folds on the free surface of the chip [28]. Each of these folds was a result of the individual grains being deformed by slip toward the free surface where dislocations were allowed to “escape”. Naturally, higher stresses were expected to support the excessive plastic deformation of the chip. However, the presence of surface-active media on the free surface was believed to alter the workpiece surface properties and restrict the dislocation movement at the surfactant–workpiece interface [29]. It was assumed that the pile-up led to high stress concentrations and eventual brittle failure on the free surface of the chip, in contrast to the conventional folding of the chips by plastic deformation. Rehbinder’s theory [25] for fracture toughness, based on the well known Griffith’s formula for fracture stress (Equation (1)), predicted the lowering of material strength when the surface energy (γs) was reduced under the influence of a surface-active medium. Hence, the lower fracture criterion indicated that the reduction in stresses was required for crack propagation or an eventual brittle failure, which can be beneficial in metal-cutting processes through reduced energy consumption. The correlation between the fracture toughness and the effective cutting forces proposed by Atkins [30,31] was validated by Chaudhari et al. [26] to describe the expected reduction in cutting forces with lower fracture toughness:


  K = c o n s t   E  γ s  / a    



(1)




where E is the Young’s modulus and a is the initial crack length. In theory, heat generation during machining should be reduced and the reduction in diamond tool wear can be expected with the reduction in plastic deformation during chip evolution and the lower cutting energy. However, this application has not yet been explored in tool wear investigations and it is the aim of this paper to shed light on the subject. Although the study of tool wear may appear to be rudimentary, the driving factors behind the tribo-chemical tool wear may also give new impetus to understand the mechanochemical effect. Moreover, this method showed the reversibility of the chemisorbed material properties upon removal of the SAM [24,26], which would reduce the adverse implications on the machined surface. Therefore, the mechanochemical effect on diamond tool wear was investigated through the application of surfactant on iron during diamond turning wear tests.




3. Experiments


3.1. Mechanochemical Effect Validation


A series of experiments was conducted on low-carbon magnetic iron (ASTM-A848-01) procured from Kim Ann Engineering Pte. Ltd., Singapore, using an ULG-100 ultraprecision machining center manufactured by Toshiba Machine Co. Ltd., Shizuoka, Japan. The material composition is listed in Table 2. The influence of SAM on the work material was first verified through orthogonal microcutting tests, followed by the evaluation of diamond tool wear in diamond turning experiments. To ensure the flatness of the 12.7 mm-diameter sample surfaces before the start of each test phase, face trimming was performed using a 0.8 mm nose radius cubic boron nitride (CBN) cutting tool with a 0° rake angle and 7° clearance angle. The trimming feed was set at 15 µm/rev with a 2 µm nominal depth of cut. To verify the mechanochemical effect, two stripes (2 mm wide) stripes of Dykem High Purity marker ink (44404) were applied across the trimmed surface along the X direction. Subsequently, orthogonal microgrooves were conducted in perpendicular to the stripes at a constant cutting speed and depth of 50 mm/min and 12 µm as shown in Figure 1. Machining forces were measured using a Kistler 9256C1 dynamometer and type 5051A amplifiers with a sampling rate of 10 kHz. The cutting, thrust and lateral forces were oriented along the Y, Z, and X directions shown in Figure 1. Cutting chips were studied using a Jeol JSM-5500 scanning electron microscopy (SEM). The manifestation of the mechanochemical effect during orthogonal microcutting will be determined based on the reduction in cutting forces and the changes in chip morphology.




3.2. Diamond Turning Wear Tests


After validating the mechanochemical effect on the work material, two sets of face turning experiments were conducted with polycrystalline diamond (PCD) cutting tools to assess (i) the progression of wear over the cutting distance and (ii) the mechanochemical influence on the degree of wear. In face turning, the sample rotates along the Z axis at a constant spindle speed, while the cutting tool is fed into the workpiece with the nominal cutting depth along the Z-direction and at a constant feed rate along the X direction.



PCD tools with a 0.8 mm nose radius, 0° rake angle, and 11° clearance angle were used in the first set of wear tests (Figure 2a). The tool edge radius was measured to be 4.7 µm using a MikroCAD 3D optical imaging system as shown in Figure 2b. The test parameters were controlled at 600 rpm rotational speed, 9 mm/min feed rate and 2 µm nominal depth of cut. All experiments were completed under dry conditions to avoid the secondary effects of cutting fluids such as cooling and lubrication [32]. A set of tests was performed without the ink to serve as a reference. The cutting tool wear land was measured using optical imaging after each turning pass, following which, a new workpiece and cutting tool were used to evaluate the wear progression with the application of SAM. Optical imaging and the measurement of wear lands were captured using a Leica DM2500 M optical microscope. The ink was fully applied onto the work material surface in between each turning pass. Similarly, the wear land of the cutting tool was measured using the optical microscope after each turning pass and the machined surface roughness measurement was conducted using a Taylor Hobson Form Talysurf-120 profiler at the end of the diamond wear tests.



The second set of diamond tool wear tests were performed on the iron workpiece using PCD tools with a 0.4 mm nose radius. The diamond turning parameters were kept constant at 600 rpm spindle speed and 2 µm nominal depth of cut, while the feed rate was varied over 3, 6, and 12 mm/min, to achieve effective feeds of 5, 10 and 20 μm/rev, respectively. Diamond turning was performed continuously over a fixed cutting distance of 50.4 m, for both conventional turning and cutting with the mechanochemical effect for comparison. Dykem ink was reapplied to the workpiece surface prior to each trimming pass.




3.3. Surface Microhardness Tests


The Vickers microhardness test was employed to understand the implications of the surfactant on the surface mechanical properties. A Shimadzu HMV-2 microhardness test setup was used to apply indentation loads of 1.0 N with a dwell time of 15 s. Three indentations were tested on the iron surface, a surface adsorbed with Dykem ink, the iron surface after removing the surfactant with ethanol, and an iron surface after wiping with ethanol. The latter was necessary to validate the temporal effects of surface adsorbed by Dykem ink.





4. Experimental Results


4.1. Validation of Workpiece Modification


Cutting force observation is an effective method to verify the influence of SAM on a work material. Figure 3a shows the drastic reduction in cutting force by approximately 30% when the tool removes the surface-affected layer, and correspondingly produces thinner deformed chips (Figure 3b) during orthogonal microcutting. Figure 3c shows a top view of the chip formation from the orthogonal microcutting tests on iron with variations in chip morphology according to the order of surface-active media-affected sections. It is evident that the thicker chips exhibit multiple folds that are attributed to the plastic deformation of the chip, while an immediate change occurs from the mushroom-like features for the unaltered surface to the sharp edges for the surfactant-affected segments. This can be attributed to the embrittlement of the chips as a result of the reduction in plastic deformation (i.e., brittle failure of the chips) under the influence of the surface-active medium [33].



Although not commonly reported, the mechanochemical effect also improves the machined surface quality [23]. A sharp distinction in machined surface topography can be observed between that produced with and without SAM, as shown in Figure 4. Unique surface defects in the form of dimples are prominent in the regions without ink, which is similar to the observations in the micromachining of AISI 1045 steel [34]. In microcutting, considerations for material deformation characteristics of individual grains must be adopted, such that plastic deformation occurs by shearing along the slip planes of the grain crystallographic orientation. The randomly oriented grains then result in changes to the material removal process such as the deformation features in the chips [35] and the machined surface [36]. The misalignment of shearing forces for favourable slip deformation would result in machined surface defects [36], taking the form of the dimples observed in Figure 4. On the contrary, smooth defect-free machined surfaces can be produced with the application of ink, which suggests that the shearing action occurs with ease along the slip system under the mechanochemical effect. It is good to note that the transition to a smoother machined surface is not dependent on the coating thickness, which rules out the mechanical implications of the ink as a solidified coating that was observed by Lee et al. [37] during the micromachining of brittle materials. The observations of the characteristic features of the Rehbinder effect in machining [26,28] verify the effectiveness of the mechanochemical effect on the iron workpiece and serve as the fundamental mechanism to explain the differences in diamond tool wear.




4.2. Diamond Tool Wear


Significant tool wear can be observed on the flank face of all cutting tools after the diamond turning of iron over a cutting distance of 58.8 m. The wear patterns show vertical streaks perpendicular to the cutting edge, which is a characteristic feature for chemical tool wear on diamond tools. Although chemical wear is inevitable due to the high chemical affinity between the workpiece and diamond, the wear land is reduced under the mechanochemical effect as shown by the wear progression in Figure 5a.



The wear progression of the tool under conventional cutting conditions presents the typical flank wear development plot where rapid wear initially occurs within a short time, followed by a stable progression and finally ending off with an acceleration before failure. The increased rate of wear under conventional cutting occurs as the cutting distance goes beyond 42 m. In contrast, the wear development under the mechanochemical effect remains as a gentle inclined gradient, which indicates that the tool has not reached the critical stage before failure. The wear land, defined by the maximum height of the wear marks (VBmax), is lower by 56% under the Rehbinder effect. Naturally, the lower tool wear led to a 27% improvement in the final surface roughness of 41.8 nm Ra as compared to 57.2 nm Ra under normal conditions (Figure 5b). The produced surface roughness is dependent on the cutting tool geometry (i.e., wear morphology) and tool-tip vibrations induced by the material microstructure characteristics [38]. Hence, the disparities in surface roughness are determined to be caused by the differences in tool profile as a result of tool wear and the enhanced material removal mechanism that reduces tool-tip vibrations.



The second set of tool wear tests, using 0.4 mm nose-radius cutting tools, demonstrates the magnitude of the mechanochemical effect on tool wear at different feed rates as shown in Figure 6. Although the overall cutting distance for each cutting parameter was the same, the wear lands are drastically different with increasingly devastating wear at higher feeds regardless of any mechanochemical influence. This is due to the effectively larger volume of the engaged material that increases the cutting forces during machining as shown in Figure 7, and translates to the overall heat generation that leads to tribo-chemical wear. Moreover, the cutting forces increase over time due to the degradation of the cutting edge geometry that results in the instabilities of the machining process, such as vibrations and the irregular build-up of work materials.



The machined surface is also presented for each cutting condition by pictorally examining the optical quality of the surface. Extremely poor surface conditions at a small feed of 5 μm/rev are observed before achieving near-mirror finishing at higher feed rates. This can be attributed to the relative tool sharpness size effect, which invokes rubbing as the material deformation process when the tool edge radius is significantly larger than the effective uncut chip thickness [39]. Although it would be interesting to investigate further the correlation between the mechanochemical effect and the material removal mechanism, the topic is out of the scope of this paper, which focuses on the mechanochemical influence on diamond tool wear.



At higher feeds of 10 and 20 μm/rev, where shearing is the material removal mechanism, the reflected images appear to be clearer under the mechanochemical effect when compared with the surfaces produced by conventional cutting. In addition to the enhanced surface quality expected under the mechanochemical influence (Figure 5), the clearer reflections are also results of the reduced wear lands. As the wear land increase, the machined surface quality is expected to deteriorate due to the degraded tool geometry that could change the material removal mechanism. Nonetheless, diamond tool wear is reduced, regardless of the material removal mechanism, with increasing feeds from 5 to 20 μm/rev, corresponding to magnitudes of 9.4%, 14.78%, and 16.15%. In the meantime, it is good to note that the difference in percentage wear reduction between the two different wear tests is in the size of the nose-radius, where wear rates are often higher for smaller nose-radii [40].



As the spindle revolution was kept constant throughout the tests with the 0.4 mm nose radii tools, the change in feed rate changes the feed per revolution, which determines (i) the effective area of the uncut chip thickness during turning and (ii) the surfactant-affected length as shown in Figure 8. These are two main factors that define the degree of influence that the mechanochemical effect has on the material response. The effective uncut chip thickness corresponds to the degree of plastic deformation during material removal, which would affect the performance of the mechanochemical effect. It was suggested that the physicochemical phenomenon is even more effective to cause embrittlement when dealing with ‘gummy’ metals that exhibit high plasticity during deformation and are challenging to cleanly cut [27]. Therefore, a thicker uncut chip thickness that should correspond to a higher degree of plasticity in the chips would call for a more significant influence of the mechanochemical effect. The geometrical aspects between the feed and the effective uncut chip thickness have been covered in detail by Chaudhari and Wang [29] and the principals may be applied to explain the different magnitude of tool wear reduction under the mechanochemical effect. In general, the increase in feed enlarges the effective uncut chip thickness and therefore improves the effectiveness of the mechanochemical effect due to the increase in plastic deformation.



The effective coverage of the surfactant during turning is directly proportional to the feed, such that larger feeds would encounter larger volumes of surfactant-affected material that would influence the manifestation of the Rehbinder effect. However, it is also important to consider the proportion of surfactant-affected material to the main bulk of material that is not covered with ink. Figure 9 illustrates the influence of feed and nominal cutting depth on the proportions of surface lengths that are under the mechanochemical effect. During turning, the length of surfactant-affected material is equivalent to the feed (f) and the length of unaffected material p when cutting with a round-nosed tool can be determined by Equation (A3) in Appendix A. The surfactant coverage can then be calculated by Equation (2):


  η =  f  f + p   %  



(2)







The percentage increase in surfactant coverage shows an increasing trend with a larger feed, similar to the trend observed in the reduction of cutting forces during the experimental wear test. This verifies the increasing influence of the mechanochemical effect with larger feeds. Curiously, the percentage reduction in wear does not directly coincide with the reduction in cutting forces and the influence of surfactant coverage. While other factors such as the tool-tip vibrations and the tribo-chemical nature of diamond tools may also participate in the wear progression, these factors should not affect the results to this degree. This intriguing question will be answered as the mechanism of the mechanochemical effect on tool wear is progressively discussed in the subsequent sections.



In the meantime, it may appear that larger feeds should be used during machining to a ensure wider coverage of the material under the mechanochemical effect, but the use of larger feeds would increase the theoretical peak-to-valley height of the machined surface and incur larger machining forces as observed in Figure 7. Hence, it is suggestive to say that there exists an optimal balance between low feeds for better surface finishing and the proportion of surfactant-affected material, which can be achieved through a series of systematic controlled tests involving a large quantity of cutting tools.



While larger feeds may accommodate a larger proportion of surfactant-affected material, the nominal cutting depth also presents its significant influence on the proportion of surfactant coverage where the surfactant coverage increases as the cutting depth decreases. Herein lies a critical need to study the Rehbinder effect in micromachining due to the increasing influence of the mechanochemical effect as the cutting characteristic length decreases further into the microscale. To this end, the working principle of the mechanochemical effect on this work material must be evaluated before explaining the occurrence of wear reduction.





5. Discussion


Influence of the Surface-Active Medium


Microhardness tests show that the surfactant increases the surface hardness of the iron sample by 9.3% from 335.3 HV0.1 to 369.7 HV0.1. After removing the surfactant, the sample returns to its original hardness that averages 336.7 HV0.1. The reversion of microhardness presents a key characteristic of the mechanochemical effect, which is a highly beneficial factor of this methodology to reduce diamond tool wear without permanent modifications to the mechanical properties of the fabricated component. Moreover, it can be observed that the ethanol has a negligible influence on the material surface, which makes it a suitable solvent for this temporary workpiece modification process.



The increase in hardness may be explained by a sequence of events that involves the stresses for dislocation nucleation at the onset of plastic deformation, dislocation mobility and the pileup of dislocations. An ease in dislocation nucleation and emission within the adsorbed material can be ascribed to the increase in free electron concentrations and the corresponding decrease in local shear modulus [41]. Teus et al. [42] identified the similar phenomenon with surfactants on iron and explained that dislocation emission stresses in Equation (3) will be reduced with a corresponding increase in dislocation mobility, due to the reduced line tension in Equation (4). However, the enhanced dislocation activity would reduce the distance between the pile-up dislocations at grain boundaries, which would subsequently increase the shear stresses (τL) required for plastic deformation (Equation (5)), and congruently reflect a higher microhardness value with a smaller indentation marking:


  τ ≈ 2 μ b / L  



(3)






  Γ ≈  [    μ  b 2    4 π    ]  / log  (   ℜ  5 b    )   



(4)






   τ L  = n τ =  (  π μ b  )  /  [  16  (  1 − υ  )  d  ]   



(5)




where µ is the shear modulus, b is the burgers vector, L is the distance between pinning points, ℜ is the dislocation curvature radius, υ is the Poisson’s ratio, n is the number of dislocations, and d is the distance between dislocations.



The explanation for the increase in microhardness can also be adapted to elucidate the results observed in microcutting, beginning with the adsorbed chip-free surface that undergoes embrittlement due to the influence of the surfactant. Malkin [24] describes this phenomenon of free surface generation as a favourable energy system to break the interatomic bonds in the bulk material and form interatomic bonds with the surfactant. Lee and Wang [23] applied this concept to propose the sequence of events along the primary deformation zone that leads to the embrittlement process. As shown in Figure 10, the dislocation activity is enhanced from the surface under the Rehbinder effect, due to the breakage of interatomic bonds of the work material and crack formation. Subsequently, dislocation pile-up occurs when the dislocations of increased density entangle with those emitted from the tool tip to result in strain localization within the chip. It is important to emphasize that the crack formation shown in Figure 10 only serves as an illustration of a simple crack geometry during embrittlement, along the primary deformation zone, and does not exemplify the mode of crack formation. In reality, not only does the embrittlement process involve a tensile stress component for crack-opening (i.e., stress intensity factor Mode I), but also the typical shear stresses observed during cutting that induce crack-sliding (i.e., Mode II). Understandably, Griffith’s relation (Equation (1)) describes macroscopic crack formations, while the surfactant-workpiece interaction manifests on the molecular level. At this scale, surface forces become increasingly influential towards the fracture stress, which then invokes the atomistic relationships in Equations (3)–(5) to explain the embrittlement process. Although it is unnecessary for microcracks to be present on the pre-machined surface, high stress concentrations due to the pile-up of dislocations along the shear plane and the favourable energy conditions would cause the nucleation of cracks on the free surface of the chip [26]. On the other hand, pre-machined surface defects will enhance the chemisorption interactions with crack tips [24] as well as the surfactant–workpiece interaction at the molecular level.



Coincidentally, the described phenomenon resembles the sequence of events during the adiabatic shear band (ASB) formation, which is also speculated to initiate from the free surface of the chip [43]. ASBs are commonly formed during the machining of difficult-to-machine materials, in a competition between work hardening under deformation and catastrophic failure by abrupt thermal softening effects. However, the mechanochemical effect on chip formation differs from the conventional observations of ASB formation, in that the failure from the free surface of the chip occurs at a higher frequency compared to the visibly periodic saw-tooth chip formation associated with ASBs.



With the application of SAM prior to machining, the work material is affected at the free surface of the chip, which does not come in contact with the diamond tool. Hence, lubrication effects at the tool–chip interface are negligible, as also clearly demonstrated in orthogonal microcutting tests. Morevoer, the mechanochemical effect does not have a direct influence on the flank face where tool wear manifests, because the surfactant does not contact the machined surface. Following the common understanding of the two main factors leading to diamond tool wear during the machining of ferrous metals—temperature and catalytic material—any change in wear progression is improbable to be the direct result of the surface property alteration, but rather an effect of the change in heat generated at the tool–workpiece interface. The volumetric wear of diamond is understood to increase with the rise in temperature during thermal erosion tests, regardless of the workpiece composition [22]. Since the workpiece composition remains the same in this work, the reduced tool wear is likely a result of lower temperatures at the cutting zone.



Based on this premise, the significant mechanochemical influence on the machining forces may be used to explain its indirect impact on the heat generated in the cutting tool. The reduction in cutting forces would correspond to the reduction in overall heat generated from the three plastic deformation zones and friction at each contact interface shown in Figure 11 [44]. The reduction in the plastic deformation of the chips under the mechanochemical effect presents a direct proposition for the decline in work–heat energy conversion. In addition, the chip compression ratio (λ) determines the shear angle (ϕ), which corresponds to the tool–chip contact length, Lc, such that a thinner chip will reduce the contact length [45]. This is particularly important as the heat generation at the tool–chip interface is severely influenced by friction and thermal transfer from the primary and secondary shear process [46]. The thin chip segment with a large curvature in Figure 3b proves the propensity for reduced tool–chip contact lengths under the mechanochemical effect. The reduction in diamond cutting tool wear can therefore be attributed to the reduced heat generated by plastic deformation during chip formation, which lowers the rate of the tool–workpiece chemical reaction.



However, the severe strain localization in the primary deformation zone under the mechanochemical effect may also lead to substantial heat generation that hinders the effectiveness of the mechanochemical method to reduce diamond tool wear. This would explain the scaled-down improvements in tool wear resistance, when comparing to the magnitudes of reduction in cutting forces. Further analyses are necessary to investigate this possibility. Unfortunately, the measurement of cutting temperatures at the microscale is generally difficult to perform at this point, but conventional macroscopic theoretical models are capable of providing fundamental insights to the heat generated in the cutting zone.





6. Finite Element Analysis


Numerical analysis offers an approach to investigate the heat generated during chip formation, which was described to cause the catastrophic diamond tool wear when cutting ferrous metals. It is necessary to note that the simulation of diamond tool wear with finite element analysis (FEA) at the microscale has not been developed due to the mandatory participation of chemical interaction between the tool and the workpiece. Although FEA is capable of illustrating material failure, the limited time scale and extreme hardness of diamond make it impossible to accurately model diamond tool wear at this point in time. While interatomic potential considerations in molecular dynamics (MD) simulations could describe the chemical interaction during machining [47], the cutting length scale is limited to the nanometric range and is computationally too expensive to model microscopic deformation. Therefore, the FEA theoretical study in this paper was only aimed at studying the heat generation during the chip formation under the simulated mechanochemical phenomenon, with no considerations for the tool–workpiece chemical affinity.



6.1. Model Setup


The simulation was performed using commercially acquired software ABAQUS/Explicit with the in-built Johnson–Cook (J–C) material model [48]. The J–C constitutive model captures the material viscoplasticity during the deformation of metals under large strain, high strain rates and the influence of thermal softening. A 0° rake-angled cutting tool with an edge radius of 2 μm was modeled as a rigid surface to assume the strong mechanical properties of diamond. The cutting speed was set at 50 mm/min and the cutting depths were modeled as 10 μm. The two-dimensional workpiece was built with 10,253 CPE4R elements with an average mesh size of 0.5 μm. Specific cutting forces were determined by the cutting force per unit width of material removed.



During deformation, the material stress–strain response comprises three main stages as illustrated in Figure 12. The region a–b comprises the linear elastic region that is governed by Young’s modulus and the yield strength, before enduring plastic deformation with strain hardening effects in the region b–c. The equivalent plastic flow stress during elastic–plastic evolution is described by Equation (6). Upon reaching the maximum load-carrying capacity, the material strength degrades in the region c–d before its eventual failure. This region follows the damage initiation and evolution laws in the J–C shear failure model described in Equation (7). Initiation occurs when the scalar damage parameter in Equation (8) exceeds the nominal value of 1:


  σ =  [  A + B  ε n   ]   [  1 + C ln  (    ε ˙     ε ˙  0     )   ]   [  1 −    (    T −  T r     T m  −  T r     )   m   ]   



(6)






   ε D  =  [   D 1  +  D 2  exp  (  −  D 3     σ m   σ   )   [  1 +  D 4  ln  (   ε ˙  /   ε ˙  0   )   ]   [  1 +  D 5   (    T −  T r     T m  −  T r     )   ]   ]   



(7)






  ω =   ∑       ∆ ε    ε D     



(8)




where A is the yield stress, B is a strain hardening constant, n is the strain rate hardening parameter, C is the strain rate factor, and ε is the equivalent plastic strain. D1–D5 are the failure parameters, σm is the mean stress, and     ε ˙  0    is the reference strain rate. As the J–C material parameters for ASTM-A848-01 have not been established, the material parameters of a well verified annealed aluminum alloy (AA6061-T6) were adopted to describe the differences in heat generated during microcutting with the mechaniochemical effect. This follows the established influence of the Rehbinder effect on AA6061-T6 [26]. The material parameters for AA6061-T6 are listed in Table 3 and Table 4.



Chaudhari et al. [26] previously attempted to use numerical simulations to describe the mechanochemical effect on the microcutting of copper by assuming a superficial hardened layer to initiate crack propagation and model the characteristic embrittlement features on the chip. The assumption is consistent with the experimental microhardness findings in this work, but this modeling method may involve the physical response of a hardened coating layer that could potentially influence the contact mechanics during cutting [37]. They also considered the combination of hard and soft grains in the simulations to emulate the “mushroom-like” features during microcutting. This method of polycrystalline material simulations has been adopted with multiple variations to model the plastic deformation characteristics on the free surface of the chips [35,36]. Although it may be meaningful to consider the anisotropic and randomness of grain orientations and mechanical properties, this study is primarily focused on assessing the influence of the mechanochemical effect on heat generation during cutting. Therefore, the workpiece in this paper was modelled as a homogeneous body that assumes the validated material parameters determined from experiments on a polycrystal. The mechanochemical effect was simulated by adjusting the fracture energy material parameter, based on the fundamental theory of the Rehbinder effect on fracture toughness.




6.2. Simulated Mechanochemical Effect


The fracture energy material parameter in the J–C simulations (Equation (9)) is based on the Hillerborg fracture energy dissipation method [51] that describes the stress–displacement material softening response during damage evolution. This was calculated for each element to determine the damage variable in Equations (10) and (11), which would correspond to the participation of an element at each incremental step. Equation (12) described the equivalent plastic stress of an element at the end of an incremental calculation step. When the damage parameter D reached its maximum value of 0.99, the element would no longer hold any stresses and would be removed from the simulation by element deletion:


   G f  =   ∫    ε D     ε f    L  σ y  d ε  



(9)






  D =   L ε    u f    =  u   u f     



(10)






   u f  =   2  G f     σ y     



(11)






  σ =  (  1 − D  )   σ ¯   



(12)




where u is the equivalent plastic displacement initiating from 0 at the onset of damage evolution. L is the characteristic element diagonal length,    ε D    is the failure initiation strain, and    ε f    is the ultimate failure strain.    σ ¯    corresponds to the effective stress at the start of each increment.



Numerical studies on the dynamics of metal cutting [52,53] have often used the fracture energy parameter to modify chip formation characteristics. This is due to the direct correlation between the material parameter and the fracture toughness of the material under the fracture modes I and II (i.e., the forces perpendicular to the crack propagation plane and the shear forces parallel to the crack plane) [54]. In that sense, the energy for free surface generation is defined by the fracture energy parameter in simulations. The fundamental mechanism of the Rehbinder effect is the reduction in surface free energy in the presence of a surface-active medium. Hence, it was reasonable to model the mechanochemical effect in simulations by modifying the failure criterion that describes the free surface energy. Although the depth of material that is affected by the mechanochemical effect is still not clear, the overall decline in chip thickness describes the effective change in fracture toughness of the material being removed, as reported by Chaudhari et al. [26], based on the theoretical foundation of chip formation by Atkins and Liu [31]. Therefore, the effective material fracture energy    G  f − r       of the uncut volume of material was lowered as a fraction of the fracture energy used for the conventional cutting simulation.



Another key characteristic of the mechanochemical effect during metal cutting is the embrittlement of the chip. Thus, the model setup for the mechanochemical effect comprises two layers of affected material: (i) a thin layer of severely affected material with thickness L2 located at the surface of the workpiece, and (ii) the remaining thickness of the material within the uncut chip thickness t0. The fracture energy of L2 (   G  f − r  ″   ) was set to be substantially low at 10% of the bulk fracture energy for microcrack formation during chip evolution and the material parameter for L1 (   G  f − r  ′   ) was defined by averaging in Equation (13). L2 was defined as 0.5t0:


   G  f − r  ′  =  1   t 0  −  L 2     [   G  f − r    (   t 0   )  −  G  f − r    ″     (   L 2   )   ]   



(13)







The fracture energy parameter was first determined by trial and error to achieve a chip morphology without heavy distortion. Subsequently, the material fracture energy    G  f − r       under the Rehbinder effect was reduced by 30% as an estimate based on the reported average percentage reduction in cutting forces when machining AA6061-T6 by Chaudhari et al. [26].




6.3. Simulation Results and Discussion


Figure 13 illustrates the simulated chip morphologies that present the characteristic folding on the free surface of a thicker chip under normal cutting conditions, and the embrittlement features on the thinner chip under the influence of the mechanochemical effect. The length of the primary deformation plane adequately illustrates the difference in deformed chip thickness. Moreover, the tool–hip interfacial length Lc of the conventional cutting chip is longer by an approximate magnitude of 1.25. This supports the fundamental concept for heat generation by friction at the tool–chip interface. Simulated cutting forces (Figure 14) show the reduction of 12.7% from average values of 7.16 N/mm to 6.25 N/mm under the simulated mechanochemical effect. The simulations may not agree well with the experimental work by Chaudhari et al. [26] as their experimental procedure included time for the surfactant to dry, which may influence the cutting forces [37]. Nonetheless, the proposed model in this paper will sufficiently capture the effects of the reduced fracture energy on the temperature distribution during cutting that influences the diamond tool wear rates when machining ferrous metals.



The simulation results in Figure 13 show the temperature in the chip and the machined surface where a visible difference in the volume of heated material within the machined surface can be observed under conventional cutting. On the other hand, this occurrence is not as consistent and involves lesser material under the mechanochemical effect. In this simulation, the temperature profile on the machined surface is a result of the energy transfer from the plastic work done to heat. The alterations to the degree of plasticity observed during chip formation influence the machined surface quality where plastic dissipation energy extends into the subsurface and emerges as a highly deformed machined surface [36]. This can also be observed by the flow of heat across the tool-tip to the machined surface. By simply observing at the temperature profile along the tool-tip, it is justifiable to understand that the heat generated during cutting is lower in this deformation zone and would translate to the suppression in diamond tool wear when machining ferrous metals.



The temperature gradient in the chips presents another interesting observation of heat generation during cutting with the mechanochemical effect. A smoother temperature gradient connects the heat generated from the free surface of the chip to the tool tip (i.e., along the primary deformation zone) under the mechanochemical effect. On the other hand, the temperature distribution in the conventionally produced chip is irregular with a notable gap between the free surface of the chip and the tool tip. The heat generation in the chip is a result of stress concentrations initiated from both ends of the chip [43]. In this case, the hastened linkage in temperature profile along the primary deformation zone under the mechanochemical effect exemplifies the strain localization theory, where the pile-up of mobile dislocations concentrates the stresses along the shear plane leading to the local temperature increase.



It can also be observed that areas in the chip with higher temperatures correspond to the locations where embrittlement occurs on the free surface of the chip. Although the frequency of embrittlement features in this simulation is not as high as observed in experimental findings, the temperature profile suggests that the embrittlement of the surface in experiments may be associated with the local temperature rise, which would induce thermal softening effects during metal cutting. As explained earlier, the mechanochemical effect on chip formation resembles the formation of ASBs, however, the significantly larger frequency of embrittlement features postulates an overall thermal softening effect on the chip, which subsequently aids the reduction in cutting forces. This heat may have transferred from the strain localization process to the machined surface, which would explain the experimental observations where the magnitude of wear reduction does not correspond well to the percentage reduction in cutting forces and surfactant coverage. In other words, the reduced plastic deformation in the chip may correspond well with the reduced cutting energy and heat generated to influence diamond tool wear, but the heat generated from strain localization under the mechanochemical effect may also counteract the benefits of lower cutting energy. Thus, the mechanochemical method may reduce diamond tool wear, but cannot be directly assessed from the reduction in cutting forces. This is an unprecedented finding on the heat generated during chip formation under the mechanochemical effect.





7. Conclusions


In this paper, the mechanochemical effect, known as the Rehbinder effect, was investigated as a simple and effective method to reduce polycrystalline diamond tool wear during the micromachining process of ferrous metal. The application of Dykem High Purity marker ink as a surfactant during the diamond turning of low-carbon magnetic iron (ASTM-A848-01) was performed and the conclusions of this study are as follows:




	
The phenomenon is validated on iron by a 30% reduction in cutting forces and the production of thinner chips with embrittlement characteristics during orthogonal microcutting with a cubic boron nitride (CBN) cutting tool;



	
Diamond turning with polycrsyalline diamond (PCD) on a chemisorbed workpiece can reduce flank wear by up to 56% and improve the surface roughness by 27% over a machining distance of 58.8 m;



	
The percentage reduction in cutting forces and tool wear during diamond turning with the mechanochemical effect increases with feed due to the enlargement of effective uncut chip thickness and surfactant-affected material;



	
A finite element model utilizes the fracture energy parameter to simulate the chemisorption effect and demonstrate the reduction in chip thickness, shorter tool–chip contact, chip embrittlement, and the reduction in heat generation on the machined surface; and



	
It is proposed that although heat generation can be reduced to mitigate diamond tool wear due to lower cutting energies under the mechanochemical effect, the heat generated during strain localization also contributes to the overall cutting temperature, to the extent that the reduction in tool wear does not coincide with the reduction in cutting forces or surfactant coverage.
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Appendix A


This section will detail the equations to determine the unaffected material length to be used during diamond turning with a surfactant. Figure A1 illustrates the front view of the diamond turning process. The unaffected material length takes an elliptical form with radii q and r, which may be determined by geometry in Equations (A1) and (A2), where Rn and ap are the nose radius and nominal depth of cut, respectively. The perimeter of the quarter-ellipse p can then be calculated in Equations (A3) and (A4):


  q =    (   R n    2  −    (   R n  −  a p   )   2   )     1 2    − 0.5 f  



(A1)






  r =  a p  −  R n  +    (   R n    2  −    (  0.5 f  )   2   )     1 2     



(A2)






  p = 0.25 π  (  q + r  )   (  1 +   3 h   10 +   4 − 3 h      )   



(A3)




where


  h =    (    q − r   q + r    )   2   



(A4)
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Figure A1. Front view illustration of the diamond turning process for the calculation of the unaffected material length. 
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Figure 1. Experimental setup and the schematic for microcutting experiments. 
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Figure 2. (a) Scanning electron microscopic (SEM) image of the as received cutting tool edge; and (b) the tool edge radius measurement using a MikroCAD 3D optical imaging system. 
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Figure 3. Microgroove chip formation of iron with a cubic boron nitride (CBN) tool at t0 = 12 µm and vc = 50 mm/min: (a) the measured machining forces; (b) the SEM image of chip formation; and (c) SEM top view of the chip. 
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Figure 4. Optical imaging of the machined surfaces. 
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Figure 5. (a) Wear land (VBmax) progression of the polycrystalline diamond (PCD) turning of iron; (b) the arithmetic mean height (Ra) of after cutting a distance of 58.8 m with and without ink; and (c) optical the imaging of the corresponding tool wear land. 
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Figure 6. Diamond cutting tool flank wear and the corresponding machined surface quality of iron after cutting a total distance of 50.66 m under different feeds: (a) conventional; and (b) with the mechanochemical effect. 
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Figure 7. Machining force progression in diamond tool wear tests under conventional cutting conditions (C) and the mechanochemical effect (M) with feeds of 5, 10 and 20 μm/rev. 
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Figure 8. Geometrical relationship between the feed and the mechanochemical effect. 
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Figure 9. Proportion of the surfactant-affected material in relation to the nominal cutting depths (ap = 2, 4, 8, 10 μm) and feed (f = 5, 10, 20 μm/rev) and the percentage reduction in cutting force from the experimental results. 
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Figure 10. Schematic of the microcrack propagation from the free surface of the adsorbed chip [23]. 
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Figure 11. Schematic of the primary deformation zone (PDZ), the secondary deformation zone (SDZ) and the tertiary deformation zone (TDZ). 
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Figure 12. Johnson–Cook stress–strain relationship. 
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Figure 13. Simulated chip morphology and temperature profile under (a) conventional cutting conditions and (b) the mechanochemical effect. 
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Figure 14. Plot of the theoretical specific cutting forces under conventional cutting conditions and with the mechanochemical effect. 
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Table 1. Diamond tool wear mitigation techniques to machine ferrous metals.
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	Modification
	Theoretical Approach
	Application





	Process
	Reducing temperatures
	Cryogenic turning [12,13,14]



	
	Prohibition of chemical reactions
	Machining in inert environments [10,11]



	
	Reducing tool–workpiece contact time
	Ultrasonic vibration assisted machining [15,16]



	Tool
	Prohibition of chemical reactions
	Protective coatings [13]



	
	Inhibiting reaction rates
	Ion implantation [17,18]



	Workpiece
	Prohibition of chemical reactions
	Surface compound layer formation [13]
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Table 2. Diamond tool wear mitigation techniques to machine ferrous metals.






Table 2. Diamond tool wear mitigation techniques to machine ferrous metals.





	C
	Mn
	Si
	P
	S
	Cr
	Ni
	V
	Ti
	Al
	Fe





	0.02
	0.35
	0.15
	0.03
	0.025
	0.2
	0.15
	0.1
	0.1
	0.1
	Bal.
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Table 3. AA6061-T6 Johnson–Cook material parameters [49].






Table 3. AA6061-T6 Johnson–Cook material parameters [49].





	E (GPa)
	v
	ρ (g/cm3)
	A (MPa)
	B (MPa)
	n
	C
	m
	cp (J/g°C)
	Tm (°C)
	k (W/m°C)





	70
	0.33
	2.7
	324.1
	113.8
	0.002
	0.011
	1.34
	896
	583
	167
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Table 4. AA6061-T6 Johnson–Cook failure parameters [50].






Table 4. AA6061-T6 Johnson–Cook failure parameters [50].





	D1
	D2
	D3
	D4
	D5





	−0.77
	1.45
	−0.47
	0
	1.6











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
T

==

.

=20 ey






media/file4.png
]
4
‘t<
4
. [ |
l'q [ |
. !4
i
1 “
o

| |
1
| |

A

\






media/file30.png
o#o oooooooo Frrrrrrrrrrrr]
weetiftuTee,
geessesss s oS

JRVNRIIL

AL LTINS
—_— ..... ................
5 & !
o p— oﬁooocfl

*decen,
S5
= o
=
S =
< )
= =
Q (= i
L ©°
> O
S S S N S n S N O

(wu/N) 90107 Suno o1y10dg

0.06 0.08 0.1
Time (s)

0.04

0.02





media/file18.png
Feed direction
+ - “
ST
Co

Surfactant-affected ~_ / ~~_ W7
length 0O~ T T

Unaffected
length





media/file21.jpg
+~ Micro-crack ™

Machined surface





media/file26.png
Damage initiation

c

(w=1,D=0)

Damage

/ evolution

Material
stiffness full
degraded

d (D=1)






media/file27.jpg
5%

(@ Cutting direction






media/file3.jpg
Cuting dircction |

Spindlc

Microgrooys.






media/file22.png
———

-
- N
PR Micro-cra

"~

Ck\‘\
S

t L Machined surface





media/file19.jpg
=0 ym ==4m
8 um =210 um
—0—Y%force red.

(%)

Surfactant cove
Experimental force redu

5 10 20
Feed (um/rev)





media/file7.jpg





media/file28.png
(a) Cutting direction

(b)

TEMP
(v {Avg: 75%)
(Avg: 75%) Fhg A
pogh 419.76
450.29 419.76
seaer 330.93
354.67 330.93
oyt 242,09
259.05 242.09
215'23 153.25
liee 1 108.84
i 115.62 Embrittlement 108.8:
Folding 6781 64 42
20. )
N /TOOl-tl

80 ps 80 s

4 TEMP
T (Avg: 75%)
G 482.16
493.42 482 16
98 74 389.73
398.74 369.75
st 297.29
304.05 297.29
e 204.86
209.37 204.85
- $ics 112.43
114.68 12,4
67.34 68.22

\ 20.00
e
90 ps 90 ps

TEMP
' o (Avg: 75%)
< iy 498.68
498.60 498.6¢
450.74 450.81
402.88 402.94
355.02 355.0¢
307.16 307.21
259,30 259.34

211.44






media/file10.png
No ink | | Tranition With ink

& Cutting direction &






media/file14.png
=10 pm/rev g === :

("'}

I/?"“ =)

R

P |

|

[

€

i

«

N,
v

t
=5 pm/rev s f=5 pm/rev

f=20 pm/rev

40 pm

=10 pm/rev






media/file11.jpg
Ra(Conentons) 572 am






media/file6.png
(a)

- Tool edge

HZBEe

Flank face

(b)

z [um]

-100

S -200

Rake area Relief area
Tool edge
['-..
<
o
<
&
Cutting tool 11°
_0._1 ______________ o 0_.2





media/file15.jpg
ing force (N)

126

189
Cutting

315
istance (m)






nav.xhtml


  jmmp-04-00081


  
    		
      jmmp-04-00081
    


  




  





media/file16.png
Cutting force (N)

W

N

p—

18.9 25.2 31.5
Cutting distance (m)

37.8

44.1





media/file2.png
Surfactant-affected
length, f

- .
-

Unaffected
length

4

Y






media/file20.png
Surfactant coverage (%)

40

30

20

EEE? um
EEZEA § um
—O—%force red.

E==4 um
@10 um

39.87

Feed (um/rev)

65

55

45

35

25

15

Experimental force reduction (%)





media/file23.jpg
< = PDZ
<« - SDZ
- - T0Z

Cutting
direction

-

A=ty

| Workpicce

Machined surface





media/file5.jpg
ool ede.

ool edge

E

g

Cuting tool

N o
x{mm]

Reliet area

i
o1 02





media/file24.png
4

- - PDZ
- = SDZ
- = 1DZ

A= t/t,

Workpiece

Cutting
direction

p—

Machined surface





media/file29.jpg
Mechanochemical

Specific cutting force (N/mm)

0 0.02 0.04 0.06 0.08 0.1
Time (s)





media/file1.jpg
Surfactant-affected
length, 1

D —

Unaffected : !
length f






media/file25.jpg
Damage initiation

(w=1,D=0)
¢/

Damage

/ evolution

Material
stiffness full
degraded
D=1)

> £






media/file12.png
100 pm ‘
==l Conventional

: - n-mm%irrfr' -yt '

0 8.4 16.8 L] 33.6 42 50.4 58.8 Flank face
Cutting distance (m)

o
—

micrometres
o
e
o
o |
micrometres

' ‘ /0.1 100 um

I | [RERN| I|l T | I |
120.5 120.7 120.9 121.1 121.3 1245 121.7
millimetres

— -0.1 |
) 1~ Ra(Conventional) = 57.2 nm
% -0-2 ~|| Trereern (AR RERRERERN] e | e i (BN i I I | i | e rrrrre|ret TTI I I || I I T _0‘2
—“E’ 120.5 120.7 120.9 1211 1213 1215 121.7
8 ke N s ————
o, 02= 0.2
0! - i
1 1
S1g 01 01 g
- 1 3 F =
31T 00 :
(£ 0.0- ! 0.0 &
15 = S
:E_01__ _—-0.1 E
: - Ra(Rehbinder effect) = 41.8 nm i
. _0_2 I I e | I |i| I I [N | I ||||I e [AREN] |||l| l||| Lirreeen I Il.l || _0.2
I
I






media/file9.jpg





media/file0.png





media/file8.png
——— Thrust
Lateral
Cutting

Force (N)

No ink Ink Noink Ink No ink\
1—}4—}4—P"—"‘_>|

A i W AP w S— AR M BEE1
15

Time (s)

Plastic
S ke L #1868 168@mm BEE. 19 31 SEI






media/file17.jpg
Feed dircction
. o3
C“.(\x\%“:“ep

Surfactant-affected
length
Unaffected
length





