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Abstract

:

With regard to the manufacturing of innovative hard-machining super alloys (i.e., Inconel-800), a potential alternative for improving the process is using a novel cutting fluid approach. Generally, the cutting fluids allow the maintenance of a better tool topography that can generate a superior surface quality of machined material. However, the chemical components of fluids involved in that process may produce harmful effects on human health and can trigger environmental concerns. By decreasing the cutting fluids amount while using sustainable methods (i.e., dry), Near Dry Machining (NDM) will be possible in order to resolve these problems. This paper discusses the features of two innovative techniques for machining an Inconel-800 superalloy by plain turning while considering some critical parameters such as the cutting force, surface characteristics (Ra), the tool wear rate, and chip morphology. The research findings highlight the near-dry machining process robustness over the dry machining routine while its great potential to resolve the heat transfer concerns in this manufacturing method was demonstrated. The results confirm other benefits of these methods (i.e., NDM) linked to the sustainability aspects in terms of the clean process, friendly environment, and permits as well as in terms of improving the manufacturing characteristics.
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1. Introduction


The Inconel-800 alloy that is part of a large group of nickel-based super alloys is identified in some specialized aeronautical applications especially on the turbine and aero-components. This material is employed in this field due to its excellent properties such as good resistance to corrosion and high chemical as well as physical strength against elevated temperatures [1]. However, some inherent characteristics such as very high toughness combined with a reduced heat transfer coefficient and limited work hardening put this alloy in the category of high susceptibility and is not to be considered for machinability [2,3,4,5]. In other words, the key aim of super alloys machining is to achieve high efficiency, good surface finish, and an economical manufacturing cost [6,7,8,9]. Between numerous machining parameters with great influence on the previously mentioned objectives, the approach of cutting the fluid emerges out as the suitable alternative [10,11,12,13,14,15]. In the machining process, the cutting fluids permit keeping tool life integrity longer and, thus, generates better surface quality [16,17]. However, some concerns were risen because of potential adverse effects in the human environment presence because the cutting fluids can contain potentially harmful chemical ingredients [18]. A survey released recently on the aerospace sector, which considers the manufacturing process, reveals an increase in the annual expenditure on the cutting fluids up to several percentages (i.e., 20%), which highlights the importance of the overall cutting tool process and lubrication [17,19]. Therefore, in order to obtain a green, sustainable, and clean environment, it may be necessary to use dry machining and/or near dry machining that is quite often regarded as a potential alternative effective strategy [20,21,22].



So-called, dry machining generates the manufacturing process while the cutting fluids may completely be eliminated. Yet, this process can generate high temperatures during the machining process and when producing leads to greater concern about the machining of nickel super alloys (i.e., limited tool life combined with low surface quality) [23]. Hence, the application of the advanced process (i.e., near dry machining (NDM) and/or the minimum quantity lubrication (MQL)) will be possible to tackle the process limitations when it is used for dry machining. When machining conventional alloys, NDM has shown promising results [24,25]. In the NDM technique, the lubrication regime is produced by applying the mist form of the cutting oil particles in the cutting zone (tool-work interface) while using the compressed gas. The limited quantity of the coolant generates less waste compounds as well as several other advantages (i.e., ecological and potentially biological benefits). In addition, a smaller quantity of coolant permits us to save money that can be used for the chip recycling purpose [3]. Several researchers including Li et al. [26], Devillez et al. [27], Thakur et al. [28], Zhang et al. [29], Pusavec et al. [30], Tazehkandi et al. [31], Tazehkandi et al. [13], Pusavec et al. [32], and Marques et al. [33] have performed various machining experiments on Inconel alloys by considering dry and MQL conditions.



Table 1 clearly manifests that the application of sustainable methods (dry and near dry machining) is mostly performed on various grades of Inconel alloys such as Inconel-718, Inconel-706, Inconel-738, Inconel-825, and Inconel-725. The literature review confirms the limited amount of research dedicated to the Inconel-800 superalloy and no evidence for manufacturing of this alloy by the turning process. However, there was emphasis regarding the importance of using an Inconel-800 superalloy in the manufacturing of turbine blades and numerous aerospace parts. Therefore, this survey proposes investigating the importance of machining characteristics (i.e., cutting forces, surface morphology and its roughness, details of chip control, and the rate of tool wear) when the Inconel-800 superalloy is machined by considering two sustainable methods i.e., dry and near-dry machining.




2. Materials and Methods


2.1. Details of Cutting Inserts and the Workpiece Materials


The Inconel-800 superalloy made as a bar with its nominal dimension of 50 mm diameter and a length of 150 mm length was employed in this research. Figure 1 presents details of the machined material profile. The hardness of this material is around 42 HRC. Table 2 indicates the chemical composition of the studied material. Further details concerning the heat treatment conditions of Inconel-800 are presented in Table 3, respectively. The inserts configuration made of cubic boron nitride are bounded by the following details: a positive angle of 7°, the nose radius of 0.4 mm, its clearance is around 80°, having a rhombic shape, and denoted CCGW 09T304-2 were engaged in the experiment due to its superior characteristics when compared to other inserts (see its configuration as per Figure 1).




2.2. NDM Features and the Turning Procedure


Figure 2 presented the entire turning machine under which the machining of the superalloy was investigated. This is a high precision CNC center lathe machine identified as Sprint 16TC, Batliboi, Mumbai, India) that is equipped with a special Siemens control system. The manipulation of the tool is realized by three simultaneously axes (X, Y and Z axis).The NDM (i.e., MQL) apparatus is a professional NOGA NDM system (as exhibited in Figure 3) that is working by using a cutting oil as water soluble (i.e., Balmerol, Kolkata, India) and has a working ratio of 20:1. In this machining routine, the procedure might incorporate a 300 mL/h flow rate of cutting fluid, an air flow average of about 60 L/min, and a pressure of 5 bar that were settled for all turning experiments.




2.3. The Control of the Main Parameters


A TeLC DKM2010 dynamometer (Unna, Germany) connected to XKM software was used to measure the main cutting force (Fc). The morphology of the main tool flank wear (Vbmax) was detected by a microscope (Mitutoyo, Kawasaki, Japan) while details of surface roughness (Ra) value measurements were made by using a surface roughness tester (Mitutoyo SJ 301, Kawasaki, Japan) for a cut-off length of 0.8 mm. For a consistent evaluation, the finished work piece was as a set on three different points with respect to the tool displacement while a mean calculation was later implemented.




2.4. Process Parameters Selection


Two main factors were selected such as the cutting speed and feed rate, which may generate valuable responses in terms of machining conditions. Three different fixed cutting speeds were employed since 200 m/min considered low speed, a medium one of 250 m/min, and one higher of 300 m/min. These ranges of the above speeds were selected because an early tool failure occurred when the speed limit is more than 300 m/min. By contrast, when the speed is lower than 200 m/min, no early failure occurs. However, it is not practical for the industry. Yet, other parameters (i.e., the feed rate) were selected in conformity with the literature statements that vary as 0.10, 0.15, and 0.20 mm/rev. The depth of the cut was settled to fix 1 mm in all the experiments.





3. Results


3.1. Dry and Near Dry Machining Effect on the Main Cutting Force


The main problems in manufacturing a dedicated machine tool apparatus may arise as the cause of cutting forces responsible for different deformation, which can affect the work-piece and are estimated by tolerance violations and errors. Their major impact is in a close relationship with some material structural parameters (i.e., work-piece material properties, tool material geometry and the material itself, cutting fluid properties, and strategy of machining) and/or conditions of cutting. The values of the cutting force obtained in dry and near dry conditions by using alternative cutting parameters were introduced in Figure 4. During machining, the Inconel-800 superalloy was observed as a reduction in the cutting forces values when the cutting speed is high while the feed rates decrease. Thereby, it generates a reduction of the coefficient of friction at the cutting zone because of the quick motion that occurs on the work-piece. This routine requires only a minimum amount of cutting force to produce the shear in the work-piece [36]. Furthermore, a growth in the feed rate raises the main cutting force because the tool-chip contact length is extended by an increased feed rate. Hence, high cutting forces are required to plough a large section of the chips. This ploughing procedure results in higher stresses and deformation of the layer being cut, which causes a high cutting force. Moreover, the near dry machining process generates low cutting force values i.e., 4% to 9% when compared with dry machining conditions (see details in Figure 4).



The difficulty of machining the Inconel-800 alloy is demonstrated as well as by an excess of heat produced during dry machining that can severely change the work-piece into a more brittle material, which definitely raises the cutting forces [31]. However, by using the near dry machining strategy including a cutting fluid and compressed air, it is possible to reduce significantly the temperature in the core of the cutting zone, which maintains the integrity of tool material (in terms of hardness). This includes decreasing the potential adhesion between interacting surfaces. The similar results were reported by Gupta et al., i.e., overall reduction of cutting forces of 5% to 15% in machining of a titanium grade (2) alloy [3,18]. In addition, the mist form of cutting fluid permits to generate a jet having a high-speed through its nozzles, which will help to reinforce the capillary of the tool-chip interface. Therefore, this allows the reduction of friction values and cutting forces by forming the boundary-lubricating layer. This improvement is in good agreement with the results presented by Tazehkandi et al., [37,38] in machining of the Inconel-725 and 740 alloy.




3.2. Surface Roughness Generated from Dry and Near Dry Machining


By using the ISO 4287 standard guidance, it was possible to estimate the average of the surface roughness (Ra) [16]. Figure 5 shows the values of surface characteristics (roughness Ra) evaluated when it was employed with a dry and near dry cooling/lubricated strategy. Furthermore, morphological details of machined surfaces obtained by SEM microscopy (Jeol, Tokyo, Japan) and produced for different conditions such as dry and NDM are introduced in Figure 6. The details from images from Figure 6 demonstrated the effects of cooling conditions on the end surface finish. Furthermore, when the cutting speed was raised along with an increase in the feed rate, higher surface roughness values were generated.



This fact (i.e., the issue when the rise is in the cutting speed and feed rate) causes the potential vibration at the machine tool assembly and the rubbing between the tool and work-piece may produce a local increase of the temperature on the cutting zone that later on will generate loss of surface integrity of the work-piece. Dry and near dry machining outcomes in terms of surface roughness (from Figure 5 and Figure 6) prove the benefits of the surface quality when an Inconel-800 is machined under NDM conditions (i.e., reduction of values from 3% to 10%) that are far better than those of dry machining. The performances were validated by Gupta et al. [18,35] in turning of titanium (grade-2) alloy under MQL conditions.



The NDM process generated smaller values of surface roughness with no cavities and metal debris at all cutting conditions. In fact, when the pressurized air is introduced together with cutting fluid, it generates a significantly better cooling condition on the cutting zone. On both works, the materials were emphasized with a small thermal softening that has decreased to a certain extent by reducing the friction between the tool and the work-piece interface. Hence, a high surface finish is observed in NDM conditions. It can also be noted that the variation is more obvious under dry conditions. The means, the higher tensile strength (465 MPa), and the hardness (42 HRC) of the Inconel-800 can produce some undesirable effects on the surface quality by increasing the built-up-edge (BUE) tendency when considering dry conditions. Nevertheless, this phenomenon was reduced by applying near dry machining that allows as well as diminishs the tendency of the BUE formation and generates better surface quality [26]. The results reported by the Mia et al. [12] in machining of hardened steel confirms this enhancement mechanism.




3.3. Tool Wear Evaluation on Dry and Near Dry Machining


Mechanistically and physicality demonstrated that the machining process cannot occur without generating a certain amount of heat. The hard contact between the tool-chip interfaces can produce the maximum heat. The heat produced there can affect directly the integrity of tool life, the variation of cutting forces, and/or the geometry and its morphology of the chip. It was demonstrated that the main type of tool failure is of adhesion, abrasion, or diffusion. The value of tool wear with variable cutting speeds at different feed rates is demonstrated in Figure 7.



It has been observed from the plot that the tool wears rapidly and grows with the rise in cutting speed combined with the growth of the feed rate. The reasons might be linked to the fact that, when the cutting speed together with the feed rate was increased, an extension of the chip area occurred while the friction between tool-chip interfaces increased. Therefore, Vbmax grew. In addition, it was observed that partial de-bonding of the protecting coating that covers the tool and is caused by the high speed–feed combination may further increase the amount of flank wear. The comparisons of tool wear considering dry and near dry conditions in Figure 8 exhibited that the tool wear of Inconel-800 under NDM conditions is lower than i.e., a reduction of 4% to 11% than those of dry machining.



The higher hardness values of the Inconel-800 (42 HRC) can be detrimental to the tool life of the dry machining, which reduces the strain rate of the tool such as, when it reaches a certain limit, the damage will be clearly described by the accentuated tool wear. The mechanism observed is proven by Wang et al. [39] in the machining of the Inconel-182 alloy. The NDM approach produces a better working condition due to the mist of lubricant by a proper penetration of compressed air that occurs at the tool-chip interface. This later mechanism works as a suitable tool for the cooling strategy by generating a better lubrication. Once the temperature in the cutting zone is reduced, it is possible to decrease the stickiness level on the work-piece material. A low cutting temperature can maintain the structural integrity of tool materials (i.e., the hardness and its strength). By increasing the tool life, it allows a better process that presents a lower rate of susceptibility to an adhesion mechanism and most probably lower chance of bonding between the work piece materials to the surface of the tool that is more advantageous when compared with dry machining. Some deep craters were identified in the SEM analysis that corresponds to the rake faces and their cutting edge (as shown in Figure 8) as well as the nose, which almost broke away under dry conditions likely due to the high-temperature variation and an uncontrolled friction produced in the cutting zone. Whereas in near-dry machining, the use of compressed air with cutting fluid almost eliminates the craters’ patterns on the rake surface because of the most proficient diffusion of the coolant at the interface of the rake surface and the generated chip [26].




3.4. Chip Control on Dry and Near Dry Machining


In metal cutting operations, the chip control is one of the most vital perspectives. The type of chip formed significantly affects the efficiency of the industrial machining process. The generation of chips that includes its aspect of breaking is prominent in machining since it can affect the tool life and the geometry of the surface finish that is linked to the accuracy of the work piece produced [32]. Hence, the formation of a suitable type of chips with good chip control is crucial in metal cutting operations. By machining, the Inconel-800 with the NDM approach was possible by crushing the chips into very small fragments that have an average bulk ratio of 8.1 while some unbroken, long continuous chips that have a bulk ratio of circa. 68 were produced under machining dry conditions, which is presented in Table 4.



Figure 9 provides insight for chip formation for the machining process confirming that no static pressure was applied when it was machined under dry conditions. The chip breakage occurs in the dry condition likely because of the hard contact between the chips with an obstruction leading to a shear plane fracture due to a negative bending moment produced that results in a high bulk ratio of chips. However, in the case of near-dry machining, the high-pressure developed by the jet mixture will be enough to start fragmentation of the chip and will create a positive bending moment that may occur before to making a hard contact with an obstruction. It seems that the NDM approach generates a suitable form of chips due to high breakability, i.e., with geometry that represents a small helical chip type. The dry conditions of machining produce the chips with a blue color that may be because of the high-temperature that occurs in the deformation zone. However, NDM conditions generate the chips with a light golden color that is due to the large reduction of a tool-chip interface temperature. The overall benefits of NDM approach are linked to a large reduction in the adhesion mechanism, a better-cushioning effect, and a constant friction level that leads to a lower built-up edge formation that is depicted in Figure 8.





4. Conclusions


Near-dry machining or NDM represent a sustainable strategy that could reduce several machining issues related to its performance i.e., cutting forces, surface roughness, tool wear etc. The main findings of the present investigations are summarized below.




	(1)

	
For the cutting forces, an application of the NDM produced less magnitude of cutting forces (i.e., reduction in 4% to 9%) than those of the dry machining environment. The cutting fluids that are of mist form a pass with a high-speed jet through the nozzles, which will help to reinforce the lubrication at the capillary interface between the tool and chip, which reduces the friction and cutting forces by forming the boundary lubricating layer.




	(2)

	
In NDM conditions, the machined surface shows a greater quality (i.e., reduction of surface roughness from 3% to 10%) because a proper usage of the cutting fluid within a very limited quantity i.e., near dry machining can possibly enhance the surface quality by reducing the gradient temperature in the cutting area and avoids early damage of the tool-tip. Moreover, an enhanced lubrication due to the oil droplets presumably reduced the friction between the fraying surfaces.




	(3)

	
After analyzing the tool wear, the NDM reveals better performances in terms of the tool wear value (reduction of 4% to 11%) in contrast with dry machining. The use of compressed air with cutting fluid has almost eliminated the amount of the crater on the rake surface by using a proficient dispersion of the coolant between the rake surface and the chip formed.




	(4)

	
For the analysis of chip control, the application of near-dry machining generates small fragments of chips with a bulk average ratio of 8.1 while some unbroken, very long continuous chips that have a bulk ratio of approximately 68 were produced under machining dry conditions.




	(5)

	
The near dry machining process generates dry chips that can be considered as an initiative towards the cleaner production.













Author Contributions


Conceptualization, M.K.G. and C.I.P. Methodology, C.I.P. and M.M. Software, M.K.G., C.P., and S.S. Validation, C.P., S.S., M.K.G., and M.M. Formal Analysis, C.I.P. and C.P. Investigation, M.K.G. and C.I.P. Resources, P.K.S. Data Curation, G.S., C.P., and S.S. Writing-Original Draft Preparation, C.I.P., G.S., C.P., S.S., M.K.G., and M.M. Visualization, M.K.G. and M.M. Supervision, P.K.S. Writing—review & editing, C.I.P., M.M., and H.S.G. Revision & editing, H.S.G.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Singh, G.; Gupta, M.K.; Mia, M.; Sharma, V.S. Modeling and optimization of tool wear in MQL-assisted milling of Inconel 718 superalloy using evolutionary techniques. Int. J. Adv. Manuf. Technol. 2018, 97, 481–494. [Google Scholar] [CrossRef]

	



Davoodi, B.; Hosseini Tazehkandi, A. Cutting forces and surface roughness in wet machining of Inconel alloy 738 with coated carbide tool. Proc. Inst. Mech. Eng. B J. Eng. Manuf. 2014, 230, 215–226. [Google Scholar] [CrossRef]

	



Gupta, M.K.; Sood, P. Machining comparison of aerospace materials considering minimum quantity cutting fluid: A clean and green approach. Proc. Inst. Mech. Eng. C J. Mech. Eng. Sci. 2017, 231, 1445–1464. [Google Scholar] [CrossRef]

	



Yılmaz, B.; Karabulut, Ş.; Güllü, A. Performance analysis of new external chip breaker for efficient machining of Inconel 718 and optimization of the cutting parameters. J. Manuf. Process. 2018, 32, 553–563. [Google Scholar] [CrossRef]

	



Güllü, A.; Karabulut, Ş. Dynamic Chip Breaker Design for Inconel 718 Using Positive Angle Tool Holder. Mater. Manuf. Process. 2008, 23, 852–857. [Google Scholar] [CrossRef]

	



Akhyar Ibrahim, G.; Che Haron, C.H.; Abdul Ghani, J.; Said, A.Y.M.; Abu Yazid, M.Z. Performance of PVD-coated carbide tools when turning inconel 718 in dry machining. Adv. Mech. Eng. 2011, 3, 790975. [Google Scholar] [CrossRef]

	



Abbas, A.; Pimenov, D.; Erdakov, I.; Taha, M.; El Rayes, M.; Soliman, M. Artificial Intelligence Monitoring of Hardening Methods and Cutting Conditions and Their Effects on Surface Roughness, Performance, and Finish Turning Costs of Solid-State Recycled Aluminum Alloy 6061 Сhips. Metals 2018, 8, 394. [Google Scholar] [CrossRef]

	



Maruda, R.W.; Krolczyk, G.M.; Feldshtein, E.; Nieslony, P.; Tyliszczak, B.; Pusavec, F. Tool wear characterizations in finish turning of AISI 1045 carbon steel for MQCL conditions. Wear 2017, 372–373, 54–67. [Google Scholar] [CrossRef]

	



Maruda, R.W.; Krolczyk, G.M.; Nieslony, P.; Wojciechowski, S.; Michalski, M.; Legutko, S. The influence of the cooling conditions on the cutting tool wear and the chip formation mechanism. J. Manuf. Process. 2016, 24, 107–115. [Google Scholar] [CrossRef]

	



Mia, M.; Dhar, N.R. Influence of single and dual cryogenic jets on machinability characteristics in turning of Ti-6Al-4V. Proc. Inst. Mech. Eng. B J. Eng. Manuf. 2017. [Google Scholar] [CrossRef]

	



Mia, M.; Khan, M.A.; Rahman, S.S.; Dhar, N.R. Mono-objective and multi-objective optimization of performance parameters in high pressure coolant assisted turning of Ti-6Al-4V. Int. J. Adv. Manuf. Technol. 2017, 90, 109–118. [Google Scholar] [CrossRef]

	



Mia, M.; Dhar, N.R. Effect of High Pressure Coolant Jet on Cutting Temperature, Tool Wear and Surface Finish in Turning Hardened (HRC 48) Steel. J. Mech. Eng. 2015, 45, 1–6. [Google Scholar] [CrossRef]

	



Sarıkaya, M.; Güllü, A. Multi-response optimization of minimum quantity lubrication parameters using Taguchi-based grey relational analysis in turning of difficult-to-cut alloy Haynes 25. J. Clean. Prod. 2015, 91, 347–357. [Google Scholar] [CrossRef]

	



Maruda, R.W.; Krolczyk, G.M.; Feldshtein, E.; Pusavec, F.; Szydlowski, M.; Legutko, S.; Sobczak-Kupiec, A. A study on droplets sizes, their distribution and heat exchange for minimum quantity cooling lubrication (MQCL). Int. J. Mach. Tools Manuf. 2016, 100, 81–92. [Google Scholar] [CrossRef]

	



Sarıkaya, M.; Güllü, A. Taguchi design and response surface methodology based analysis of machining parameters in CNC turning under MQL. J. Clean. Prod. 2014, 65, 604–616. [Google Scholar] [CrossRef]

	



Gupta, M.K.; Sood, P.K.; Sharma, V.S. Investigations on Surface Roughness Measurement in Minimum Quantity Lubrication Turning of Titanium Alloys Using Response Surface Methodology and Box—Cox Transformation. J. Manuf. Sci. Prod. 2016. [Google Scholar] [CrossRef]

	



Mia, M.; Gupta, M.K.; Singh, G.; Królczyk, G.; Pimenov, D.Y. An approach to cleaner production for machining hardened steel using different cooling-lubrication conditions. J. Clean. Prod. 2018, 187, 1069–1081. [Google Scholar] [CrossRef]

	



Gupta, M.K.; Sood, P.K.; Singh, G.; Sharma, V.S. Sustainable machining of aerospace material—Ti (grade-2) alloy: Modeling and optimization. J. Clean. Prod. 2017, 147. [Google Scholar] [CrossRef]

	



Gupta, K.; Laubscher, R.F. Sustainable machining of titanium alloys: A critical review. Proc. Inst. Mech. Eng. B J. Eng. Manuf. 2016, 231, 2543–2560. [Google Scholar] [CrossRef]

	



Sharma, V.S.; Singh, G.; Sørby, K. A Review on Minimum Quantity Lubrication for Machining Processes. Mater. Manuf. Process. 2015, 30, 935–953. [Google Scholar] [CrossRef]

	



Sharma, A.K.; Tiwari, A.K.; Dixit, A.R. Improved Machining Performance with Nanoparticle Enriched Cutting Fluids under Minimum Quantity Lubrication (MQL) Technique: A Review. Mater. Today Proc. 2015, 2, 3545–3551. [Google Scholar] [CrossRef]

	



Gupta, M.K.; Sood, P.K. Surface roughness measurements in NFMQL assisted turning of titanium alloys: An optimization approach. Friction 2017, 5, 155–170. [Google Scholar] [CrossRef][Green Version]

	



Dureja, J.S.; Singh, R.; Singh, T.; Singh, P.; Dogra, M.; Bhatti, M.S. Performance evaluation of coated carbide tool in machining of stainless steel (AISI 202) under minimum quantity lubrication (MQL). Int. J. Precis. Eng. Manuf. Technol. 2015, 2, 123–129. [Google Scholar] [CrossRef][Green Version]

	



Singh, G.; Sharma, V.S. Analyzing machining parameters for commercially puretitanium (Grade 2), cooled using minimum quantity lubrication assisted by a Ranque-Hilsch vortex tube. Int. J. Adv. Manuf. Technol. 2017, 88, 2921–2928. [Google Scholar] [CrossRef]

	



Gupta, M.K.; Sood, P.K.; Sharma, V.S. Optimization of machining parameters and cutting fluids during nano-fluid based minimum quantity lubrication turning of titanium alloy by using evolutionary techniques. J. Clean. Prod. 2016, 135, 1276–1288. [Google Scholar] [CrossRef]

	



Li, H.Z.; Zeng, H.; Chen, X.Q. An experimental study of tool wear and cutting force variation in the end milling of Inconel 718 with coated carbide inserts. J. Mater. Process. Technol. 2006, 180, 296–304. [Google Scholar] [CrossRef][Green Version]

	



Devillez, A.; Le Coz, G.; Dominiak, S.; Dudzinski, D. Dry machining of Inconel 718, workpiece surface integrity. J. Mater. Process. Technol. 2011, 211, 1590–1598. [Google Scholar] [CrossRef]

	



Thakur, A.; Gangopadhyay, S.; Mohanty, A. Investigation on Some Machinability Aspects of Inconel 825 During Dry Turning. Mater. Manuf. Process. 2015, 30, 1026–1034. [Google Scholar] [CrossRef]

	



Zhang, S.; Li, J.F.; Wang, Y.W. Tool life and cutting forces in end milling Inconel 718 under dry and minimum quantity cooling lubrication cutting conditions. J. Clean. Prod. 2012, 32, 81–87. [Google Scholar] [CrossRef]

	



Pusavec, F.; Deshpande, A.; Yang, S.; M’Saoubi, R.; Kopac, J.; Dillon, O.W.; Jawahir, I.S. Sustainable machining of high temperature Nickel alloy—Inconel 718: Part 1—Predictive performance models. J. Clean. Prod. 2014, 81, 255–269. [Google Scholar] [CrossRef]

	



Hosseini Tazehkandi, A.; Shabgard, M.; Pilehvarian, F. On the feasibility of a reduction in cutting fluid consumption via spray of biodegradable vegetable oil with compressed air in machining Inconel 706. J. Clean. Prod. 2015, 104, 422–435. [Google Scholar] [CrossRef]

	



Pusavec, F.; Deshpande, A.; Yang, S.; M’Saoubi, R.; Kopac, J.; Dillon, O.W.; Jawahir, I.S. Sustainable machining of high temperature Nickel alloy—Inconel 718: Part 2—Chip breakability and optimization. J. Clean. Prod. 2015, 87, 941–952. [Google Scholar] [CrossRef]

	



Marques, A.; Narala, S.K.R.; Machado, A.; Gunda, R.K.; Josyula, S.K.; Da Silva, R.; Da Silva, M. Performance assessment of MSQL: Minimum quantity solid lubricant during turning of Inconel 718. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2015, 231, 1144–1159. [Google Scholar] [CrossRef]

	



Tazehkandi, A.H.; Shabgard, M.; Kiani, G.; Pilehvarian, F. Investigation of the influences of PCBN tool on the reduction of cutting fluid consumption and increase of machining parameters range in turning Inconel 783 using spray mode of cutting fluid with compressed air. J. Clean. Prod. 2016, 135, 1637–1649. [Google Scholar] [CrossRef]

	



Gupta, M.K.; Sood, P.K.; Sharma, V.S. Machining Parameters Optimization of Titanium Alloy Using Response Surface Methodology and Particle Swarm Optimization Under Minimum Quantity Lubrication Environment. Mater. Manuf. Process. 2016, 31, 1671–1682. [Google Scholar] [CrossRef]

	



Islam, A.K.; Mia, M.; Dhar, N.R. Effects of internal cooling by cryogenic on the machinability of hardened steel. Int. J. Adv. Manuf. Technol. 2016, 90, 11–20. [Google Scholar] [CrossRef]

	



Hosseini Tazehkandi, A.; Pilehvarian, F.; Davoodi, B. Experimental investigation on removing cutting fluid from turning of Inconel 725 with coated carbide tools. J. Clean. Prod. 2014, 80, 271–281. [Google Scholar] [CrossRef]

	



Tazehkandi, A.H.; Shabgard, M.; Pilehvarian, F. Application of liquid nitrogen and spray mode of biodegradable vegetable cutting fluid with compressed air in order to reduce cutting fluid consumption in turning Inconel 740. J. Clean. Prod. 2015, 108, 90–103. [Google Scholar] [CrossRef]

	



Wang, C.D.; Chen, M.; An, Q.L.; Wang, M.; Zhu, Y.H. Tool wear performance in face milling Inconel 182 using minimum quantity lubrication with different nozzle positions. Int. J. Precis. Eng. Manuf. 2014, 15, 557–565. [Google Scholar] [CrossRef]








[image: Materials 11 02088 g001 550] 





Figure 1. Inconel-800 super alloy work material and CBN inserts. 
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Figure 2. Experimental setup [35]. 
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Figure 3. Schematic diagram of NDM (i.e.,MQL)nozzles with air flow rota-meter [18]. 
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Figure 4. Effects of change of cutting speed, feed rate, and cooling/lubrication conditions on the cutting force. 
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Figure 5. Effects of the change of cutting speed, the feed rate, and the cooling/lubrication conditions on surface roughness. 






Figure 5. Effects of the change of cutting speed, the feed rate, and the cooling/lubrication conditions on surface roughness.



[image: Materials 11 02088 g005]







[image: Materials 11 02088 g006 550] 





Figure 6. SEM micrographs of machined surfaces at Vc= 300 m/min, f = 0.2 mm/rev: (a) dry; (b) MQL. 
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Figure 7. Effects of change of cutting speed, feed rate, and cooling/lubrication conditions on tool flank wear. 
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Figure 8. SEM of tool wear while machining Inconel-800 alloy at Vc= 300 m/min, f = 0.2 mm/rev: (a) dry; (b) MQL. 
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Figure 9. Schematic diagram of the chip formation under (a) dry and (b) MQL conditions [3]. 
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Table 1. Literature survey/work done with respect to machining various grades of Inconel super alloys.






Table 1. Literature survey/work done with respect to machining various grades of Inconel super alloys.





	Author and Year
	W/P & Tool Material
	Cutting Parameters
	Cooling Types
	Work Done/Investigations
	Results/Remarks





	Li et al., 2006 [26]
	Inconel-718, coated carbide inserts
	Milling
	Dry
	Tool wear & cutting force
	-



	Devillez et al., 2011 [27]
	Inconel-718, coated carbide inserts
	Vc: 40, 60, 80 m/min, f: 0.1 mm/rev, ap: 0.5 mm
	Dry and wet
	Cutting forces, surface roughness, Surface quality, Tool life Residual stresses etc.
	Dry machining with a coated carbide tool leads to potentially acceptable results



	Thakur et al., 2015 [28]
	Inconel 825, Coated and uncoated carbide inserts
	Vc: 51, 84, 124 m/min, f: 0.198 mm/rev; ap: 1 mm
	Dry
	Chip morphology, chip thickness ratio, tool wear, surface, and sub-surface integrity
	Coated tools were superior when compared with uncoated tools



	Zhang et al., 2012 [29]
	Inconel-718, Coated Carbide Inserts
	Milling operation: Vc: 55 m/min, feed/tooth:0.1 mm/tooth, ap: 0.5 mm(axial), 1 mm (radial)
	Dry, MQL
	Tool life and cutting force
	Improved tool life with lower cutting forces due to the MQL conditions



	Pusavec et al., 2014 [30]
	Inconel-718, Coated Carbide Inserts
	Vc: 30, 60, 90, 120 m/min, f: 0.05, 0.12, 0.18, 0.25 mm/rev, ap: 0.2, 0.63, 1.07, 1.50 mm
	Dry, MQL, Cryo, Cryo-lubrication
	Tool-wear, surface roughness, cutting forces, chip breakability measurements
	Cryo-lubrication shows the most beneficial performances because of low temperature of liquid nitrogen



	Tazehkandi et al., 2015 [31]
	Inconel-706, Coated Carbide Inserts
	Vc: 30, 50, 70, 90 m/min, f: 0.08, 0.10, 0.12, 0.14 mm/rev, ap: 0.1, 0.4, 0.7 mm
	Wet, MQL
	Cutting force, surface roughness, and cutting temperature
	By using MQL, the values of selected responses are lower than wet cooling



	Tazehkandi et al., 2015 [34]
	Inconel-783, PCBN Inserts
	Vc: 60, 100, 140, 180 m/min, f: 0.1, 0.15, 0.20, 0.25 mm/rev, ap: 0.2, 0.6, 1, 1.4 mm
	Wet, MQL
	Cutting force, surface roughness, and cutting temperature
	Utilizing a PCBN tool in MQL model can reduce the selected responses



	Pusavec et al., 2015 [32]
	Inconel-718, Coated Carbide Inserts
	Vc: 30, 60, 90, 120 m/min, f: 0.05, 0.12, 0.18, 0.25 mm/rev, ap: 0.2, 0.63, 1.07, 1.50 mm
	Dry, MQL, Cryo, Cryo-lubrication
	Tool-wear, surface roughness, cutting forces, chip breakability measurements, MRR
	-



	Marques et al., 2015 [33]
	Inconel-718, Coated Carbide Inserts
	Vc: 100 m/min, f: 0.15 mm/rev, ap: 1.5 mm
	Wet, MQL, MQSL
	Tool-wear, surface roughness, cutting forces, and micro-hardness
	MQSL shows very promising results followed by MQL and wet machining
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Table 2. Chemical composition of Inconel-800 super alloy.
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	Element
	Ni
	Cr
	Fe
	C
	Al
	Ti
	Al + Ti



	Composition (%)
	30.0–35.0
	19.0–23.0
	39.5 min
	0.10 max
	0.15–0.60
	0.15–0.60
	0.30–1.20
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Table 3. Heat treatment conditions of Inconel-800 super alloy.
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	Heat Treatment
	Intermediate Treatment
	Final Treatment





	1050 °C for 2 h, air cool
	850 °C for 6 h, air cool
	700 °C for 2 h, air cool
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Table 4. Chip shapes obtained under dry and MQL conditions.
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Cutting Conditions

	
Dry

	
NDM






	
Vc= 200 m/min

f = 0.10 mm/rev

	
 [image: Materials 11 02088 i001]

	
 [image: Materials 11 02088 i002]




	
Vc= 250 m/min

f = 0.15 mm/rev

	
 [image: Materials 11 02088 i003]

	
 [image: Materials 11 02088 i004]




	
Vc= 300 m/min

f = 0.2 mm/rev

	
 [image: Materials 11 02088 i005]

	
 [image: Materials 11 02088 i006]




	

	
Long continuous chips of a blue color

	
Small helical chips of a light golden color




	
Average bulk ratio of 68

	
Average bulk ratio of 8.1
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