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Abstract


This paper discusses a method of finish turning Inconel 718 alloy to compare machining performance of a naturally aged and used metalworking fluid (MWF), which had been conventionally managed through its life cycle, with the same new unaged product. The MWF concentrate was a new-to-market bio-ester oil, diluted with water to produce an emulsion. In the experiments, 50 mm diameter bars were turned down with multiple passes at a 250 μm depth of cut to reach a tool flank wear of 200 μm. The machining was interrupted at several stages to measure the flank wear and compare the chip forms for the aged and unaged MWF. The method of finish turning used a small tool nose radius and a small depth of cut that was found to be sensitive in detecting a difference in the flank wear and chip forms for the aged and unaged MWF. On the chemistry, the findings suggest that higher total hardness of the aged MWF was the cause of reduced lubricity and accelerated flank wear. This paper discusses the state of the art with the insights that underpin the finish turning method for the machinability assessment of MWFs. The findings point to stabilization of the MWF chemistry to maintain machining process capability over an extended sump life.






Keywords:


machinability; MWF; wear rate; Inconel 718; lubricity; synthetic coolant; coolant aging












1. Introduction


Metalworking fluids are used extensively in metalworking processes, such as forming, forging and machining [1,2,3]. In machining, cutting fluids (CFs) are essential to reduce tool wear and extend tool life and maintain the surface integrity of the part [4,5,6,7]. The finish machining of turbomachinery components used in aircraft engines is a critical last stage manufacturing process, and CFs are essential to maintain process capability. Precision-turned parts such as shafts, discs and blisks in aircraft engines account for a high proportion of machined engine components, of which around 50% are made from nickel-based superalloys. At present, the sump life of a well-maintained CF in many industrial applications can be expected to reach a 48-month service life [8].



In use, CFs are exposed to chemical, physical and biological changes over time, which are partly irreversible [2,3,9,10]. CFs degrade due to contamination from the working environment, which reflects in the form of losses in the fluid properties such as flash point, changes in pH and increased foaming [1,11]. CFs therefore require management to mitigate the impact of these effects and to maintain performance within a controlled range.



Emulsion CFs contain typically 90% water which provides a good habitat for the growth of microorganisms, particularly bacteria and fungi [12]. Aerobic bacteria need oxygen for growth; they reproduce by dividing in half approximately every 20 to 30 min [13]. Although there are 30,000 named species of bacteria on earth, there are less than a dozen commonly found in water-miscible fluids [13]. Sulphates in emulsion CFs are particularly detrimental because they promote the growth of a common bacterial species, known for its unpleasant odour [14]. Certain bacteria species can neutralise the chemical ingredients in CFs by reducing the effectiveness of corrosion inhibitors and encourage formation of corrosive organic acids and salts. These not only modify the chemical and physical properties of an emulsion CF but leave sticky residues on machine surfaces and clog filters.



With aging of a CF comes the production of extracellular polymeric substances (EPSs), which is a property of microorganisms in the natural environment. EPSs can lower viscosity [9], decrease pH and increase the mean droplet size in the emulsion. According to [2,3], the aging process can improve the lubricity of the CFs by the presence of certain bacterial species and EPSs, whilst changes in pH have a rather little effect on the lubricity. An increase in a mean droplet size in the CF with age lowers lubricity because it is less effective in penetrating the contact zone between the tool, chip and the workpiece [3].



Inconel 718 alloy belongs to the family of austenitic nickel–chromium (Ni-based) superalloys with mechanical properties suited for high-temperature applications such as gas turbine engine components and heat exchangers [15]. Ni-based superalloys retain their high strength to 650 °C and display high resistance to oxidizing and corrosive environments [15]. As such, Inconel 718 alloy is difficult to machine, with tools displaying high rates of flank and crater wear, chipping and notching, a propensity for BUE and lower productivity compared to many other alloys [5,6,7,11,16]. In machining Inconel 718, wear is caused by the hard precipitate phases such as γ within the FCC-γ primary phase of the alloy that gradually abrades the tool’s cutting edge [17]. Of the different tool failure modes, flank wear is preferred, enabling stable and predictable tool life for process optimization and increased productivity. Industrial machine tools must be stiff for machining high-strength superalloys [7]. Table 1 identifies important published works on turning Inconel 718 [5,6,7,11,15,18,19,20,21,22,23,24,25,26,27] to improve production efficiencies and maintain surface integrity of the machined part by studying a wide range of process parameters, tool geometries and materials, with and without coatings, and coolant types. Of these, only few works [20,21,27] studied finish turning of Inconel 718, using a small tool nose radius of 0.4 mm and a small depth of cut (~0.25 mm) with coated and uncoated tools and an emulsion coolant, and none used a bio-easter emulsion coolant. A small tool nose radius of 0.4 mm and a depth of cut of 0.25 mm are more typical of the tool and process parameters for precision finish turning of Inconel 718 used in industry.



A modern fully synthetic MWF formulated with a vegetable-ester-oil base has been shown to display enhanced lubricity in machining together with a significant reduction in its life-cycle carbon footprint compared to fossil derived MWFs [28]. Other works studied turning of Inconel 718, using graphene nanofluids applied as MQL [29] and vegetable oil [30]. Doped nano-green lubricants in machining Ni-based alloys were studied in [31]. A full review on the application of vegetable oil-based cutting fluids for sustainable machining was undertaken by Kazeem [32]. However, the effect of long sump life on stable machining performance has so far not been previously studied. This paper investigates the functional performance of a vegetable ester oil-based emulsion that was naturally aged through the use in finish turning Inconel 718 bar and compares its machinability with that of the unaged CF. The aged CF was used and maintained in the machine tool with a detailed record kept over a period of 43 months prior to conducting the machinability tests. Through its use life cycle, the aged CF was exposed to an environment typical of a coolant in a machine tool, e.g., particulate contamination, bacterial growth, seasonal temperature and humidity fluctuation and chemistry changes, which can cause a change in the functional properties of the CF over time. The CF was new to market only a few years prior to this study.



Overview of the Approach Taken


To support the investigation, a method for finish turning the outside diameter of large 50 mm diameter Inconel 718 bar pieces was developed using the aged CF in the machine tool. To complete a full single test cut, the tool is required to reach and exceed the 0.2 mm flank wear. Because a large-diameter bar will be turned down in multiple passes from 50 to 26 mm in diameter, in designing the turning method, it is necessary to ensure that sufficient bar stock is available with a stickout length not exceeding 105 mm from the chuck. A longer stickout would require using tail stock centring for additional support. Using a fixed depth of cut (dc) = 0.25 mm and feed (f) = 0.2 mm/rev appropriate for finish turning, the main cutting surface speed (V) was steadily increased in each of five full test cuts from 40 m/min to 90 m/min. At 90 m/min, the tool flank wear both reached and exceeded 0.2 mm, and the results are displayed in Figure 1a. From these preliminary experiments, V used in the turning method was fixed at 90 m/min.



For the study described in this paper, five Inconel 718 bars (50 mm diameter × 211 mm length) used for the turning method to compare the wear rate and chip forms were obtained to study the performance of the aged and unaged CFs. The approach taken uses one side of each bar for the aged CF and the other side for the unaged CF as shown in Figure 1b. This way, batch-to-batch variation in mechanical properties of the alloy supplied as bar with standard specification was minimized, and sensitivity to the CF aging effect on the machinability assessment resulting from changes in the physical and chemistry properties was maximized. The five sets of results obtained for the aged and unaged CFs are sufficient to determine statistically significant results.





2. Materials and Methods


2.1. Workpieces


The workpieces used were Inconel 718 bar with nominal 50.8 mm diameter and 211 mm length. The five bar workpieces were obtained from the supplier (BÖHLER, Vienna, Austria) with a mill certificate code G020365000. The bars supplied had been solution-annealed at 1886 °F (1030 °C) for 1.5 h and then age-hardened at 1436 °F (780 °C) for 6.3 h. The mechanical properties of the Inconel 718 bars are given in Table 2 and the composition elements in Table 3. A small flat measuring approximately (mm) 25.5 × 26.5 was machined into the outer diameter of each bar supplied, and the Brinell hardness was measured using an N3200 tester (Innovatest, Halesowen, UK), with indenter 5.0 mm in diameter and test force of 750 Kgf in accord with EN ISO 6506-1:2005 [33]. The hardness was confirmed in the range 339 to 344 HB and in accord with the supplier’s certificate. The yield strength of the alloy suggests that the workpieces are in a medium-hard and machinable condition.




2.2. Machine Tool


A CNC lathe model SLX1630 (XYZ Machine Tools, Tiverton, UK) was used for the experiments and 203 mm chuck diameter type D1-6. The spindle motor was 7.5 HP with a spindle speed range between 150 and 2500 rpm. It had a 42 L coolant tank capacity that was maintained between 25 and 30 L of CF. The coolant pump motor was 1/8 HP that can deliver 25 L/min. The lathe was fitted with a 2 L oil pump to lubricate the slideways, using a mineral oil SW 32 and this was the main source of tramp oil that could contaminate the CF. The lathe was commissioned approximately 43 months prior to the start of these experiments and had only seen light use. For this reason, the oil pump flow rate was at a low setting and dispensed a total quantity not exceeding ½ L over the 43 months (approx. 140 mL per annum) since the machine was commissioned. The chip tray containing tramp oil was wiped clean before and after use and we emphasise that leakage of tramp into the coolant sump was negligible. This was also evidenced by the tramp oil and odour action log record that was monitored by visual inspection, which remained in the target range not requiring any action over the use life cycle.




2.3. Cutting Fluid


The CF for the experiments was a water-miscible synthetic vegetable ester oil-based microemulsion (BLASER, Hasle bei Burgdorf, Switzerland) formulated for long sump life (45-month) and stable with hard water use. The neat concentrate of the CF is a commercially available product, free of mineral oil, chlorine, boron, formaldehyde, bactericides, glycol ether and zinc, and formulated for use with difficult to machine alloys. The water used was main tap water supplied by the local water authority. The recommended hardness for the CF was in the range 15 to 25 °dH (270 to 450 ppm). When diluted with water to form an emulsion, it is semi-transparent. As shown in Figure 2, the CF in the aged condition used in the machine was managed through its use life cycle and inspected at regular intervals with an action log record maintained over a full 43-month period prior to the start of these trials. Over the full 45-month period in use, the pH was maintained at 9.0 with exception to one month (month 18) when it dropped to 8.8; nevertheless, it remained within the ideal target range of 8.8 to 9.5. The concentration level of the neat CF diluted in the water was gradually increased reaching 13% and fixed at this level for the experiments with the aged CF.



Immediately before starting a machinability test with each workpiece, the concentration was measured by a refractometer type RHB-32 with range 0–32% Brix in accord with ASTM D3321. The refractometer measurement was multiplied by the CF factor 1.4 to determine the concentration. Adjustment to the CF concentration was made to ensure it was within +/−0.1 of the target concentration. Element analysis of the aged CF samples with concentration at 13% was conducted using inductive coupled plasma (ICP) spectroscopy and microbial count using the dip slide method by an accredited laboratory (PCMS, Rotherham, UK). Analysis of contamination, chemistry and droplet size was performed at the laboratory of the supplier of the CF product. Small samples of the aged CF for analysis in the sump of the machine just before testing started were taken and the condition determined within 24 h after removal. On completing the experiments with the aged coolant over a 1-month period and after 45 months of use, the sump was flushed, cleaned and replaced with the same new unused CF product supplied to the same specification, which will be referred to as the unaged condition. The unaged CF was diluted with main tap water at the same concentration of 13% and further tests were completed within 2 months of changing the coolant. Analysis of the unaged CF samples was performed in the same way at the same laboratories.




2.4. Tool Holder and Tip Insert


The tool holder was supplied by (ISCAR, UK) with designation PWLNR 2525M-06X-JHP Jetcut. The CF was delivered through the tool using a nozzle diameter 2.1 mm. The tip insert (ISCAR, UK) was a double-sided 80° trigon with nominal tool nose radius (Rn) = 0.4 mm made from cemented carbide (WNMG 060404-F3S IC806) and TiALN + AlTiN PVD coated for finish machining hard heat resistant alloys. The tool nose was only partially engaged with depth of cut (dc) set at 0.25 mm and Rn > dc. The tool angle with respect to the round workpiece was −6° negative rake in both feed and radial directions. Similarly, with 6° clearance in feed and radial directions. The small chip breaking feature at the tool edge presents a 14° positive rake over approximately 0.5 mm when mounted in the tool holder. The approach angle used was 95°. Five tip inserts were randomly selected from the batch, and each was measured giving Rn = 0.39 mm with deviation <0.01 mm. The cutting-edge radius on the flat face of the nose was estimated to be between 0.02 and 0.03 mm.




2.5. Set-Up and Method for Experiments


Tool life for precision finish turning was determined by flank wear land (VBz), according to the general definition in ISO 3685 1993E [35]; the subscript (z) denotes the direction of wear, using the coordinate system described in Section 3.1. To measure flank wear rate on the tool, suspending machining at six stages for approximately 30 min was required to take measurements with the final 7th measurement stage after completing the test. For each test cut, the bar workpiece was secured in a 3-jaw chuck with a stickout length 105 mm. Initially, the bar workpiece was lightly skimmed to 50 mm diameter in one pass, using a different tip insert to remove the skin and true the bar on the machine.




2.6. Turning Parameters for This Study


To compare the aged and unaged CFs, the finish turning method used the machining parameters V = 90 m/min, dc = 0.25 mm, f = 0.2 mm/rev and a CF flow rate through the tool of 0.45 l/min with nozzle pressure ahead of the outlet ~0.3 bar. Table 4 identifies the stages and associated cut time to suspend machining to measure flank wear and collect chips. Table 4 also shows the reduction in the bar diameter at the end of each stage, the number of tool passes per stage and the total cut length per stage. At stage 5, the number of tool passes increased from 3 to 12, and the corresponding cut length per stage increased 3.5-fold. The accumulated cut length at the end of stage 7 was 2883 mm (~2.9 m). The tapered shoulder shown in Figure 1b is an intended feature of the machining process design to prevent the tool’s leading edge from cutting into the shoulder with each pass that reduces the diameter; otherwise, this could accelerate the tool wear rate.




2.7. Instruments


A ShuttlePix P400-R digital microscope (Nikon, Amstelveen, Netherlands) at 150× magnification was used to measure the evolution of flank wear on the tool shown in Figure 3a,b at stages 4 and 6, respectively. Flank wear was measured normal to the major and minor flank straight edges shown by the viewing eyes in Figure 3c. The major flank straight edge was at an angle 5° normal to the feed direction, and similarly, the minor flank straight edge was at an angle 5° normal to the radial direction. The datum 0.0 was at an angle of +45° to the feed direction. The leading edge (LE) extended from 0.0 to the major flank, and the trailing edge (TE) extended from 0.0 to the minor flank. The maximum flank wear (VBzmax) shown in Figure 3a,b was measured to a precision of 20 mm. A typical measured flank wear profile around the tool’s cutting edge measured on the same tool insert at stages 4, 6 and 7 is shown in Figure 3d.





3. Results and Discussion


3.1. Stability of Machine Tool and Workpiece, Using Turning Protocol


According to Rahman [22], chatter vibration is more likely when the radial force in turning increases and especially when the tool insert starts to fail, e.g., at VBz0.2. Using the finish turning method parameters described in Section 2.6, an instrumented turning test was performed with a Kistler type 9119AA2 three-component dynamometer (Kistler, Winterthur, Switzerland) to determine the cutting forces with respect to tool wear. The main cutting force (Fc) is on the Z-axis, the feed (or axial) force (Fa) is on the X-axis, and radial force (Fr) is on the Y-axis. Figure 4a shows the coordinate system with respect to the workpiece. The cutting forces were recorded at each stage together with flank wear VBzmax on one bar workpiece. At stage 6, VBz(6) exceeded VBz0.2 attaining 0.262 mm. The cut time (tc) to VBz0.2 was 12.7 min. Fr increased at a much faster rate than Fc and Fa, confirming higher sensitivity to flank wear, although chatter vibration was not observed in this test.



The machine stiffness was checked by applying a tension pull force of 50 kg to the tool post as shown in Figure 4b. Using a dial test indicator (DTI) with a resolution of 2 μm secured to the main slideway, there was no measurable deflection. The same approach was used to check the stiffness of the spindle bearings, applying a pull load of 50 kg with no measurable deflection relative to the main slideway and no play in the spindle bearings. Therefore, the protocol shown in Table 4 was determined to be within the capabilities of the CNC machine tool.



Should a chatter vibration occur as the tool flank wear develops, the cause would most likely be a combination of increased cutting forces (Fr) and reduced workpiece stiffness as the bar diameter is turned down.



Examining the VBz profile and Fr in Figure 4a, the first wear stage of the tool ahead of the characteristic primary region or run-in displays a gradual slow increase in wear with VBz < 0.1 mm, followed by run-in, then a stable wear rate to VBz0.2 and finally a more accelerated wear with loss of tool edge on exceeding VBz0.2.




3.2. Comparing Aged and Unaged Coolant Performance


3.2.1. Flank Wear


Using the finish turning method parameters described in Section 2.6, the evolution of the flank wear for the aged and unaged CFs was measured at the end of each stage, and the results of VBzmax for bar piece 1 are shown in Figure 5a.



Figure 5b displays the Vbzmax results for the aged and unaged CFs for all five bars at stages 4, 5 and 6 with trend lines fitted. The wear rate results suggest no dependency on bar hardness. We note that the hardness range of the bar stock was low, from 339 to 345 HB. Because the bar stock was supplied with the same batch code, it is probably for this reason the range of hardness was low, and consequently, VBzmax did not display dependency on hardness.



Figure 6a displays the difference in the flank wear rate (VBzmax diff) between the aged and unaged CFs for all five bars at stages 4, 5, 6 and 7 obtained by subtracting Vbzmax for the aged CF from Vbzmax for the unaged CF. Stages 1 to 3 were omitted in Figure 6a because they saw little flank wear (VBzmax < 0.1 mm) as observed in Figure 5a. Despite the high variability for VBzmax diff at stages 5, 6 and 7 in Figure 6a, and to lesser extent at stage 4, most of the VBzmax diff results sit on the negative size of the 0.00 flank wear line, with a count of sixteen below and four above, suggesting statistical significance in a qualitative way.



With this, it was decided to group the results at each measurement stage obtained from the five different bars. The average value of VBzmax with cut time (tc) determined from five test results for each of the aged and unaged CFs is displayed in Figure 6b. The trend in VBzmax with the cut time was described by an empirical exponential growth curve in Equation (1) for tc => tc(1):


    V B z   m a x   (   t   c   ) =   α   1     e     α   2     t   c      



(1)







  V B z   = flank wear rate (μm);     t   c     = cut time (min); tc(1) = cut time reached at stage 1; α1 and α2 are the fitting constants; α1 is a scaling constant determined from the intercept on the ordinate, and α2 is a growth rate constant.



Table 5 shows the fitting constants calibrated to the results of the aged and unaged CFs to determine the cut time to reach VBzmax = 0.2 mm (VBz0.2). The aged CF displayed a higher flank wear rate with tc reaching VBz0.2 at 14.7 min compared to the unaged CF with tc at 17.1 min. The absolute difference in tc to reach VBz0.2 was 15.1%.



Assuming an unequal variance and a two-tail distribution with 0.05 significance, the probability (P) curve confirms a statistical difference at tc(4) = 6.48 min (stage 4) with P = 0.006. At higher tc, the rates of flank wear of the aged and unaged CFs converge (stages 5 and 6) until the final stage 7 (tc = 19.3 min), where they diverge again with P = 0.042. More critical finishing processes require a smaller flank wear limit, e.g., VBz0.1. To determine tc to reach VBz0.1 with higher accuracy, the fitting constants in Equation (1) were calibrated to the results over stages 1 to 5 and are shown in Table 5. For the unaged CF, tc was 8.03 min, whilst for the aged CF, tc was 6.45 min, hence a larger absolute difference in tc to reach VBz0.1 at 21.8%.



In Figure 7a,b, the tool nose profile is shown at the final stage for both the unaged and aged CFs after machining bar 5. For the unaged CF, the circularity of the tool nose within the tool and the workpiece contact zone that forms the chip is retained, whilst the notch wear appears well-developed for the aged CF.




3.2.2. Effect of Workpiece Diameter on Tool Flank Wear Measurement


The flank wear on the tool is assumed to be vertical in the Z-axis when measured using the OM. In Figure 8, it is observed that the tool wear profile develops an arc between the tool and the workpiece. As bar diameter is reduced with each pass of the tool, the arc of contact also changes. The dimension Y3 is the loss of tool material in the radial direction and is determined from the Equation (2):


Y3 = Tan(β)VBz



(2)







Equation (2) assumes that VBz remains vertical in the Z-axis with the same coordinate system shown in Figure 4a and a tool clearance angle (β) = 6.



From trigonometry, Y1 and Y2 are determined in Equations (3) and (4):


Y12 = Rb2 − VBz2



(3)






Y2 = Rb − Y1



(4)







The effect of the bar diameter on the ratio Y2/Y3 for VBz0.2 is given in Table 6.



As bar diameter reduces from 100 to 10 mm, Y2 increases. However, it is observed that it has more significance when bar diameter reduces below 26 mm. It suggests that more material is lost through wear at the top of the flank than at the bottom of the flank. Figure 9 shows the effect of bar diameter and flank wear limits of VBz0.1 to VBz0.3 on the ratio Y2/Y3. It is observed that the ratio Y2/Y3 increases with the flank wear limit. In Figure 9, the trends of Y2/Y3 for each flank wear limit follow a reciprocal relationship with bar diameter. In the context of the finish turning method described in this paper, Y2 may be considered an error. With a higher flank wear limit, e.g., VBz0.3, it may be desirable to increase the start bar finish diameter to minimize Y2. It is interesting to observe that the flank wear on the turning tool often appears to be tilted slightly inwards as shown in Figure 3a,b.




3.2.3. Cutting Forces


A steady increase in main cutting force (Fc) can be seen in Figure 4. According to Altintas [36], this can be explained by an increase in chip friction on the tool rake face from BUE and crater wear, together with ploughing and rubbing edge forces between the tool flank and the workpiece in the tertiary deformation zone. The ploughing edge force is due to the rounding or flattening of the sharp cutting edge, whilst rubbing can be associated with flank wear. On the other hand, the radial force (Fr) and to a lesser extent feed force (Fc) in Figure 4a show the largest relative increase and the trend in Fr correlated with VBzmax, confirming a high sensitivity to flank friction and the associated wear rate. Rahman [22] and Yeo [37] drew similar conclusions for turning Inconel 718 with cemented carbide tools. With this, there is confidence that the finish turning method is sensitive to detect changes in MWFs.




3.2.4. Surface Work Hardening


The finish turning of Inconel 718 results in work hardening [25] of the machined surface. The work hardening results in an increase in the surface microhardness of 16%, and although it decreased with depth, its effect was felt up to 125 μm below the turned surface. Surface microhardness was shown to reduce with lower feed rate. We used the same feed rate f = 0.2 mm/rev as in [22]. Assuming the same depth of work hardening, the affected region on the tool is at the leading edge and is concentrated between 0.0 and +45° (see Figure 3c). At 0.0, surface work hardening reduces to zero. In this paper, dc = 0.25 mm, so the tool is cutting 0.125 mm below the work hardened surface. Surface work hardening is expected to increase and deepen with tool wear and could extend further around the profile, between 0.0 and −45°, which is the region that is more likely to affect the precision of the workpiece diameter. In Figure 7b, it is interesting that notch wear for the aged CF was well developed. It is this region of the tool that cuts the workpiece with higher surface and subsurface hardness at the leading edge between 0 and +45° that could accelerate the notch wear.




3.2.5. Chip Forms


Chips obtained from bar 4 at stages 1, 4 and 6 are displayed in Figure 10. In all tests, BUE was seen to develop at stage 2. According to ISO 3685-1993 (E) [35], the chip forms at stage 1 are long helical chips. Chip curl develops because chip velocity increases as uncut chip thickness reduces from LE to TE. The chip flow direction was a right-hand helix in the direction of feed motion and away from the workpiece until the chip became entangled in later wear stages. At stage 1, the helix pitch and radius were slightly larger for the aged CF. For the unaged CF, the chip flow direction according to the classification by Nakayama [38] was positive up-curl with a positive chip flow angle relative to the line of tool–chip separation defined by Colwell [39] as shown in Figure 7. For the aged CF, the chip flow was similar but with more positive side-curl. More side-curl could be associated with reduced lubricity because it restricts the flow of chip that would otherwise occur at the free edge with more effective lubrication. The helix on the chip form of the aged CF was lost at stage 4, and we note that the statistical difference in flank wear between the aged and unaged CFs was most significant at this stage. The change in the chip form of the aged CF could be associated with the start of crater wear at VBz0.1.



At stage 6, long-snarled ribbon chips developed in all tests with the aged CF, whilst for the unaged CF, three of the five test results had this chip form. Long-snarled ribbon chips retained positive side-curl because the chip continued to flow in the direction of feed motion and away from the workpiece. Due to the increased contact area between the chip and the tool rake face, this chip form is expected to accelerate the flank and crater wear. For the aged CF, irregular serrated saw tooth features are prominent along the chip at stage 6, whilst the unaged CF displays more consistent periodic serrations similar to those obtained by Tamil [6] and Rakish [15] in machining Inconel 718. The irregular saw tooth features could be attributed to vibration. At stage 6, in the zoomed image of the red square, feathering along one edge of the aged CF highlighted by the red arrow was seen to develop on reaching VBz0.2. The incidence of chip entanglement (CE) for the aged CF was present in three tests at stage 6, whilst it was not observed for the unaged CF. At stage 7, CE was present in all aged CF chips and was only present in three tests for the unaged CF. In precision finish turning, if chip form is the main consideration, the flank wear limit of VBz0.1 may apply. Otherwise, VBz0.2 may be a practical upper limit for the parameters used in this study. Although V has a significant effect on the developed chip form [23,40,41], Figure 10 suggests that lubricity is important in maintaining a good chip form.




3.2.6. Temperature


Using a thermocouple welded to the cutting tool, Boud [42] studied the effect of bar diameter on cutting temperature with V fixed at 10, 20, 30 and 40 m/min, using three bars sizes similar to the range of turned diameters used in this paper. It was found that the tool temperature increased in turning a smaller diameter bar and the difference was greater at higher V. According to [22], tool life decreases at higher V because more heat is generated. In this study, V was higher at 90 m/min than the tool supplier recommended parameters, and the workpiece diameter was turned down from 50 to 26 mm in each test to obtain VBz0.2. The aged and unaged CFs were diluted in the same ratio of neat concentrate to water, so their cooling effectiveness in use is unlikely to differ. Instead, the most likely cause of the higher wear rate in the early stages with VBz < 100 μm could be attributed to the reduced lubricity of the aged CF. This is supported by the findings at the end of stage 4 where the unaged CF displayed reduced flank wear and maintained a good chip form. Beyond stage 4, the difference in the flank wear shown in Figure 6b reduced at stages 5 and 6 as VBz0.2 was approached, and we note that the bar diameter reduced to 38 mm at stage 6. With the advancement of both flank and crater wear, temperature may be exerting a stronger effect on the tool wear rate over lubricity beyond stage 4, and it was noted that there was one instance of the tool nose glowing red due to high temperature on reaching VBz0.3. In other works [41] on turning Inconel 718, friction over a very short cut duration to mitigate the effect of tool wear was studied using a semisynthetic petroleum-based emulsion CF [43] diluted with water at a lower concentration (7%) and compared with a dry-cut condition. The V was varied between 60 and 120 m/min, and similar feed was used as described in this paper, but the CF was found to deliver no practical benefit in reducing friction.






4. Analysis of Coolant Samples


4.1. Element Analysis


The results of the element analysis indicated that small trace elements of aluminium and copper were present in the aged CF because light machining of alloys containing these elements was carried out over the 43-month period preceding this experiment. The total volume of dissolved elements was marginally higher in the unaged CF (211 ppm) than in the aged CF (80.9 ppm).




4.2. Contamination


In Table 7, the ferrous content given by the FW wear index was 13.2 and 13.0 for the aged and unaged CFs, respectively, with both classified as a low-fault level not requiring any action. The appearance of the aged and unaged CFs displayed fine dispersion in the emulsion, although the colour of the aged CF was brownish, whilst for the unaged CF, it was slightly yellowish.




4.3. Chemistry


Table 7 shows that the total hardness of the aged CF sample was 19 °dH (339 ppm), whilst the unaged CF sample was 11 °dH (196 ppm). CFs prepared from softer water are more stable taking much longer for the salt and mineral contents to separate out of the emulsion [44]. With low water hardness, foaming can occur, resulting in lower tool life and poor surface finish [45]. Conversely, higher water hardness causes a variation in the emulsion droplet size through the lack of stability [45,46], which can affect lubricity. Emulsion CFs work more effectively with the droplet size below 1.5 μm [47]. The average droplet size for the aged and unaged CFs was 0.113 and 0.122 μm, respectively, and the measured difference between them was small. This small droplet size is well below 1.5 μm and more typical of a true solution. The authors of [44] used a linear reciprocating tribometer to show quantitively that lubricity reduces with increasing water hardness of an emulsion CF. Although the contact pressure at 0.3 MPa and velocity range up to 2 m/min in this study were quite low, it could explain the improved lubricity of the unaged CF with lower total hardness. A CF in use could be softened with the addition of additives or the concentrate dilution ratio adjusted to maintain total hardness within a desirable range.




4.4. Microorganism Effects


The dissolved minerals and salts in the CF determine the acidity. The pH of the unaged CF was 9.0, whilst for the aged CF, it was 8.9. Ideally, coolants should have a pH value between 8.8 and 9.2 [44]. For a long-service-life coolant, the pH range should fall between 7 and 9 [48], and the former is neutral, although the range 8.5 to 11 could be acceptable. The pH record of the aged CF was stable at 9.0 as shown in Figure 2, suggesting that the CF was well-managed for long service life. The bacteria count was below the minimum threshold of detection using the dip slide method in the aged and unaged CFs. The nitrate level, which is an indicator of microbial activity, was low in the aged and unaged CF samples, at 26 and 8 mg/L, respectively, being well below the recommended limit of 150 mg/L.




4.5. Nonwater Hardening Ions


The sulphate content in the aged and unaged CFs was 200 and 111 mg/L, respectively, whilst the chloride content was 84 and 57 mg/L. Even at low levels, chlorides and sulphates can cause corrosion because the presence of ions in an electrolyte such as chlorides and sulphates contributes to galvanic corrosion in metals [45]. Both measures were below their respective recommended upper control limits. It has been reported that the chloride and sulphate levels should be kept below 150 ppm which is equivalent to 150 mg/L calcium carbonate [49]; otherwise, these ions can begin to affect the functionality of the coolant, and this may have occurred in the aged CF.



The increased corrosivity of a coolant can be measured by an increase in electrical conductivity resulting from a higher level of dissolved ions in the coolant [50]. It is noted that in high purity or distilled water, the electrical charge cannot flow, because there are no impurities and therefore no ions. The electrical conductivity of the aged and unaged coolants was 4.6 and 4.7 mS/cm, respectively, which appears to contradict the sulphate and chloride measurements. However, the measured difference is very small and well below the recommended upper limit of 7 mS/cm.





5. Conclusions


Comparing the naturally aged-through-use and managed CF and the unaged CF, the method of finish turning Inconel 718 alloy with a small tool nose radius and small depth of cut was shown to be sensitive in detecting a difference in performance. The trends observed for the flank wear and chip forms suggest that the method was stable and reproducible for the machinability assessment of MWFs. The effect of the difference in the CF condition on these measures was most significant for the cut time to reach the lower flank wear limit VBz = 100 μm. For the aged CF, the absolute difference was 21.8% lower and was attributed to reduced lubricity. In this region, the flank wear was dominant because a good chip form was maintained. Beyond VBz > 100 μm, it is unclear if increased flank or crater wear was responsible for the loss of a good helical chip form because the rake face was hidden by the BUE. Because the chips changed to a snarled form going beyond VBz > 100 μm, we think that crater wear may have been the cause. Beyond VBz > 200 μm, collapse of the top edge of the tip ensued. With VBz > 100 μm, the difference in the cut time between the aged and unaged CFs to reach VBz = 200 μm was reduced to 15.1% absolute difference, and the evidence suggests that cooling had a more significant role.



On the chemistry, the findings point to higher total hardness of the CF as the main cause of reduced lubricity of a synthetic vegetable-ester-oil emulsion in machining. Contamination by the ferrous content, dissolved solids and microbial activity was thought to have had a minor role in influencing the lubricity. From a practitioner’s perspective, it was also noted that no sticky deposits from the use of the bio-easter oil-based CF in either the aged or unaged condition remained on the machine tool’s slideways.



The key findings of the method of finish turning for the assessment of MWFs, using a small tool nose radius and a small depth of cut, discussed in this paper are summarized as follows:




	o

	
The flank wear profile was shown to be the maximum on the tool nose midway between the major and minor flank edges.




	o

	
The measured radial force (Fr) on the tool increased at a much faster rate than the main cutting (Fc) and feed (Fa) forces, confirming a higher sensitivity to the flank wear. Moreover, the nonlinear trend in the flank wear before VBzmax stabilised correlated well with Fr.




	o

	
The measured wear rate results were unable to show dependency on the bar hardness, which was attributed to the low hardness range of the bar stock from 339 to 344 HB, which was sourced from a single batch.




	o

	
Although the aged and unaged CFs were tested on the same bar piece, there was high variability in the difference in the flank wear between the aged and unaged CFs. Nevertheless, there was confidence that the flank wear for the aged CF suggested reduced performance in a qualitative way. Consequently, the wear results obtained from the five different bars for the aged CF were grouped at each measurement stage, and similarly for the unaged CF, enabling a quantitative statistical comparison of the wear results at each stage.




	o

	
Irregular saw tooth features on a chip form obtained from the aged CF on reaching VBz0.2 could be attributed to vibration. Feathering along one edge was also visible for the aged CF on reaching VBz0.2 and could be attributed to the reduced lubricity of the aged CF.




	o

	
The flank wear on the turning tool which often appears to be tilted slightly inwards was explained by the arc of contact that develops between the bar diameter and the flank wear on the tool. More material is lost through the wear at the top of the flank than at the bottom of the flank, and it was shown that the smaller the bar diameter, the greater the difference. This could explain the findings of Boud [42] who found that the tool temperature increased in turning a smaller diameter bar at the same surface-cutting speed.




	o

	
Turning down the bar workpiece with multiple passes of the cutting tool at a small depth of cut could accelerate the notch wear at the leading edge of the tool as shown for the aged CF, which could be attributed to higher surface and subsurface hardness that develops on the workpiece through reduced lubricity.
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Abbreviations




	BUE
	Built-up edge



	CE
	Chip entanglement



	CF
	Cutting fluid



	X, Y, Z
	Axes of global coordinate system



	Fc (N)
	Main cutting force on Z-axis



	Fa (N)
	Axial force on X-axis



	Fr (N)
	Radial force on Y-axis



	dc
	Depth of cut (mm)



	f
	Feed rate (mm/rev)



	Rn
	Tool nose radius (mm)



	tc
	Cut time



	V
	Cutting surface speed (mm/min)



	LE
	Tool leading edge



	TE
	Tool trailing edge



	PPM
	Parts per million



	Rb
	Bar workpiece radius



	VBz
	Tool flank wear



	VBz0.1
	Flank wear limit 0.1 mm



	VBz0.2
	Flank wear limit 0.2 mm



	VBz0.3
	Flank wear limit 0.3 mm



	VBzmax
	Maximum flank wear measured on tool nose



	VBzmaxdiff
	Flank wear difference [VBzmax (unaged CF) − Vbzmax (aged CF)]



	Y3
	Loss of tool material from flank wear in the radial direction



	(n)
	Stage number to suspend job and measure flank wear



	β
	Tool tip clearance angle



	k1,2
	Constants in equations.
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Figure 1. Effect of V on flank wear (a) and five bar workpieces each with unique ID to study the aged and unaged CFs (b). 
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Figure 2. Maintenance record with timeline of aged CF at the start of the experiments. 






Figure 2. Maintenance record with timeline of aged CF at the start of the experiments.



[image: Metals 13 01610 g002]







[image: Metals 13 01610 g003a][image: Metals 13 01610 g003b] 





Figure 3. Measurement of flank wear around the tool’s cutting edge, using OM flank wear at stage 4 (a) and flank wear at stage 6 (b); top view of the tool (c) and flank wear evolution profile (d). 
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Figure 4. Cutting forces in tangential (Fc), axial (Fa) and radial (Fr) directions with flank wear (a) and measurement of machine tool post deflection transverse to main slideway (b). 
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Figure 5. Evolution of flank wear for the aged and unaged CFs (a) and effect of material hardness on VBzmax at stages 4, 5 and 6 for all bars (b). 
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Figure 6. Effect of bar workpiece on VBzmax diff (a) and average values of VBzmax at each measurement stage for the aged and unaged CFs with probability curve (b). 
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Figure 7. Top view of tool nose after completing stage 7 for the unaged (a) and aged CFs (b). 
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Figure 8. Geometry of tool engagement in workpiece. 
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Figure 9. Effect of bar diameter and VBz on the ratio Y2/Y3. 
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Figure 10. Chips from bar 4 and associated flank wear at stages 1, 4 and 6. 
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Table 1. Performance measures and process parameters studied in published works on turning Inconel 718 alloy.
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	Speed (mm/min)
	Depth of Cut (mm)
	Feed (mm/rev)
	Tool Nose Radius (mm)
	Tool Material
	Lubricant Condition
	Measures
	





	30–70
	1
	0.168–0.393
	0.8
	TiAlN PVD coated
	Dry, vegetable emulsion
	Tool wear, surface roughness
	[7]



	60, 180
	0.25
	0.1
	0.8
	Carbide, CBN
	Emulsion, dry, cryogenic, CMQL
	Tool wear, surface roughness
	[23]



	50–100
	0.4–1.2
	0.1–0.2
	0.8
	Coated carbide
	Emulsion
	Surface roughness
	[11]



	45, 90
	1
	0.2
	Tool diameter 12
	Carbide
	Emulsion
	Chip form
	[6]



	65, 84
	0.2, 0.5
	0.1
	0.8
	Uncoated WC
	Dry
	Tool flank wear, cutting forces, chip form
	[24]



	100
	0.2–0.6
	0.12
	0.8
	Carbide
	Dry
	Chip form
	[15]



	60
	0.4
	0.08–0.2
	-
	-
	Dry and cold air
	Surface roughness, XRD analysis
	[25]



	65–125
	0.25
	0.1
	0.8, 1.2
	Carbide
	Emulsion
	Tool wear
	[5]



	40–70
	0.2–0.8
	0.1–0.25
	0.8, 1.2
	Carbide, ceramic
	Emulsion
	Cutting force
	[26]



	30, 80
	0.1, 0.5
	0.15
	0.4
	Carbide
	Coolant
	Residual stress
	[27]



	60, 120
	0.8
	0.075
	0.8
	Uncoated 890 grade carbide
	Dry, MQL
	Tool wear, cutting forces, surface roughness, chip
	[18]



	50, 70
	0.5
	0.1
	0.4
	Carbide
	Dry
	Tool wear and surface roughness
	[19]



	50–300
	0.25
	0.1–0.15
	0.4–0.8
	PCBN-Carbide
	Emulsion
	Forces and surface damage
	[20]



	40–120
	0.25
	0.15, 0.25
	0.4
	K10 coated and uncoated, WC substrate
	Emulsion
	Residual stress
	[21]



	30–50
	2
	0.2–0.4
	-
	Carbide
	Wet
	Tool life and forces
	[22]










 





Table 2. Mechanical properties of workpiece (Inconel 718) at room temperature.
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	Yield Strength (Mpa)
	Tensile Strength (Mpa)
	Elongation (%)
	Reduction in Area (%)
	Brinell Hardness





	
	862–1000
	≥1034
	≥20
	≥35
	314–360



	ASTM E 23-18 (2018) [34]
	889
	1220
	32
	52
	341 1







1 ASTM E18-19 (2019) near surface.













 





Table 3. Chemical composition of Inconel 718 workpiece.
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	Element
	C
	Si
	Mn
	Cr
	Mo
	Fe
	Al
	Co
	Cu
	Ti
	Ni
	Nb





	Wt %
	0.014
	0.05
	0.06
	18.9
	3.00
	18.57
	0.53
	0.42
	0.03
	0.95
	53.1
	5.05










 





Table 4. Details of seven measurement stages in turning down each workpiece from a 50 to 26 mm diameter.






Table 4. Details of seven measurement stages in turning down each workpiece from a 50 to 26 mm diameter.





	Stage Number for Measurement
	1
	2
	3
	4
	5
	6
	7





	Accumulated cut time (min)
	1.75
	3.4
	4.98
	6.48
	11.7
	16.5
	19.3



	Number of tool passes per stage
	3
	3
	3
	3
	12
	12
	12



	Cut length per stage (mm)
	206
	200
	198
	194
	727
	696
	662



	Nominal bar diameter at start (mm)
	50.0
	48.5
	47.0
	45.5
	44.0
	38.0
	32.0



	Nominal bar diameter at finish (mm)
	48.5
	47.0
	45.5
	44.0
	38.0
	32.0
	26.0










 





Table 5. Calibrated fitting constants in Equation (1) to determine the cut time (    t   c    ) to reach VBz0.1 and VBz0.2.






Table 5. Calibrated fitting constants in Equation (1) to determine the cut time (    t   c    ) to reach VBz0.1 and VBz0.2.





	

	
VBz0.1

	
VBz0.2




	

	
α1

	
α2

	
tc (min)

	
Goodness of Fit (R2)

	
α1

	
α2

	
tc (min)

	
Goodness of Fit (R2)






	
Unaged

	
51.3

	
0.0831

	
8.03

	
0.87

	
52.1

	
0.0787

	
17.1

	
0.94




	
Aged

	
52.9

	
0.0987

	
6.45

	
0.91

	
55.7

	
0.0869

	
14.7

	
0.91




	
Absolute difference (%)

	

	

	
21.8

	

	

	

	
15.1

	











 





Table 6. Effect of bar diameter on the ratio Y2/Y3.






Table 6. Effect of bar diameter on the ratio Y2/Y3.





	Bar Diameter (mm)
	VBz (mm)
	Y1 (mm)
	Y2 (mm)
	Y3 (mm)
	Y2/Y3 (%)





	100
	0.2000
	49.9996
	0.0004
	0.0210
	1.9%



	50
	0.2000
	24.9992
	0.0008
	0.0210
	3.8%



	26
	0.2000
	12.9985
	0.0015
	0.0210
	7.3%



	10
	0.2000
	4.9960
	0.0040
	0.0210
	19.0%










 





Table 7. Analysis of the aged and unaged CF samples.






Table 7. Analysis of the aged and unaged CF samples.





	

	
Test

	
Unit

	
Limits

	
Unaged

	
Aged






	
Contamination

	
FW index

	
Comparative

	

	
13.2

	
13




	
Colour

	

	
Yellowish

	
Brownish




	
Emulsion condition

	

	
Fine dispersion

	
Fine dispersion




	
Chemistry

	
pH

	

	
8.7–9.3

	
9

	
8.9




	
Conductivity

	
mS/cm

	
<7.0

	
4.7

	
4.6




	
Nitrate

	
mg/L

	
<150

	
8

	
26




	
Total hardness

	
°dH

	
<70

	
11

	
19




	
Chloride

	
mg/L

	
<150

	
57

	
84




	
Sulphate

	
mg/L

	
<400

	
111

	
200




	
Supplementary

	
Average droplet size

	
μm

	
<0.700

	
0.122

	
0.113
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