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Abstract

Elimination or substitution of traditional lubricants results in the reduction of both operating costs and environmental impact associated with the use, filtration and disposal of metalworking fluids. However, traditional lubricooling are still widely used when machining “difficult to cut” materials, like Inconel 718, with the aim to increase tool life and obtain a surface with proper roughness.  The need to move towards an eco-friendly machining pushed the authors to study the effects of alternative lubrication methods (Minimum Quantity Lubrication or Cooling and cryogenic one) on tool life, surface finish and machining costs, when turning Inconel 718.  The material was machined with coated cemented carbide tools by a CNC lathe. Metal removing process was carried out under diﬀerent cutting speeds while depth of cut and feed rate were kept constant.
Economic analysis was also considered with the aim to evidence the most convenient condition. Minimum Quantity Cooling resulted in tool life and surface finish very similar to those obtained by conventional lubricooling, even if last one still remains the most convenient at economic level in the present case.
Keywords: Inconel 718, Eco-friendly turning, Surface characterisation, Economic analysis
1. Introduction

Changes in the laws against pollution make the study of the machinability of alloys for aeronautics of paramount importance. These superalloys are in fact considered "difficult to cut" [Field, 1968], a term which refers to all those materials which produce excessive wear on the tool during machining, a lot of heat in the cutting area, high cutting forces with resulting residual stress, problems in the deformation and removal chip, poor quality of the machined surface.
One of the most important phenomena in machining these materials is the excessive heat produced in the cutting area. In the past, several investigations have shown that a small reduction in the cutting temperature highly increases the tool life [Tuholsky, 1993].

Cutting fluids are then used during machining with the primary function of cooling and lubrication, reducing friction and, consequently, heat generation. The cooling effect increases tool life by reducing thermally induced wear phenomena (diffusion and adhesion), while the lubricating effect reduces mechanical wear (abrasion) on the rake face of the cutting edge [Dudzinski, 2004]. 
However, the application of conventional cutting fluids creates several environmental problems such as pollution due to the chemical dissociation of the lubricoolant at high cutting temperatures, water and soil contamination during disposal, health problems for operators [Byrne and Scholta, 1993; Hong and Broomer, 2000; Howes et al., 1991].

The International Agency for Research on Cancer has stated that the mineral oil used in machining can cause skin cancer [Hong and Zhao, 1999; Peter et al., 1996]. 
In addition, the National Institute of Occupational Safety and Health has estimated that 1.2 million workers around the world have been exposed to the toxic effects of lubricants. During the operations of chip removal, cutting fluids may vaporize in large extent forming a "fog". Airborne particles can be easily inhaled by workers causing different types of lung disease. Greaves et al. [1997] have shown that chronic bronchitis, asthma, chest pain and respiratory irritation can be easily linked to the inhalation of harmful substances when exposed to the "fog" caused by the use of traditional lubricoolant.
Also the cost is considered a further disadvantage when using coolants. In fact, the consumption of lubricoolant is remarkable in machining materials for the aerospace industry: it is estimated that the cost of supply, use and washing the components exceeds four times the cost of the cutting tools used in the process [Klocke and Eisenblatter, 1997; Pusavec et al., 2010].
As alternative to traditional lubrication, dry machining and use of minimum amount of lubricoolant are considered.
It was shown that dry machining can give good results when using cutting tools with suitable properties (e.g. coatings) or changing the geometry of the cutting edges [Sreejith and Ngoi, 2000]. However some benefits of lubricoolants, especially those related to the tools duration and to the quality of the pieces produced, are often missing when machining in dry condition [Helu et al., 2012].
It has to be underlined that the quality of the machined surface is very important in aeronautic applications [Bellows, 1972; Field and Kahles, 1971]; for example, in safety critical components such as those used in aeroengines it cannot be left to chance [Helu et al., 2011].
As eco-friendly alternative to traditional lubricoolants, the researchers are focusing the attention on the following methods:
· Minimum Quantity Cooling Lubrication (MQCL): use of small quantities of lubricoolants, mineral based or completely plant-based and bio-degradable;

· Gaseous refrigerant at cryogenic temperatures, like nitrogen (77K).
The MQCL is accepted as an application "near to dry" due to its ecological characteristics. The system MQCL generally uses oil or an emulsion or water, last one used when it is mandatory to enhance the cooling power. These fluids are oriented towards the tool in small quantities (in form of droplets), with the aid of compressed air, allowing a suitable lubricooling.
Depending on the type and the main function of the fluid used, two systems can be considered: 

· Minimum Quantity Lubrication (MQL), so called because the fluid has lubrication a prevalent effect. 

· Minimum Quantity Cooling (MQC), so called because the fluid main function is represented by cooling.

The two systems differ for the fluid type, since oils are commonly used for MQL, while emulsions (made of soluble oil in water), water, or air (cold or liquid air) are exploited for Minimum Quantity Cooling (MQC). A MQL system provides a better lubricating effect, with the reduction of friction between tool, chip, and workpiece. The application of MQL, mainly coupled with the use of vegetable oils, has been proved to be suitable also for difficult-to-cut aerospace materials [Dhar et al., 2006; Heisel et al., 1994; Suda et al., 2000; Wakabayashi et al., 1998]; as for turning, MQL system offers superior performance with respect to dry condition in terms of cutting forces, tool life, surface finish and cutting temperature [Khan and Dhar, 2006; Varadarajan et al., 2002]. 
However, the limited cooling power may render ineffective MQL system in the processing of those materials, "difficult to cut," in which an excessive development of heat is the main problem [Su et al., 2007].
This problem could be solved by employing the MQC system [Weinert et al., 2004], until now rarely used and therefore largely unexplored [Adler et al., 2006]. Zangh et al. [2012] have used MQC in milling Inconel 718, highlighting the benefit of the system with the respect to dry conditions. 
Finally, "cryogenic machining" indicates the execution of cutting operations in which the tool is strongly cooled by a jet of cold gas (usually injected in the liquid state), able to quickly dissipate a significant amount of heat. The cryogenic refrigeration system is still under development and it is the subject of ongoing studies, especially when applied in machining "difficult to cut" alloys [Hong and Broomer, 2000; Hong and Zhao, 1999; Pusavec et al., 2014].
An important feature of the alternative systems described above is the possibility to supply the lubricooling internally or coaxially to the tool holder, allowing to concentrate the cooling zone on the cutting area, improving greatly the efficiency of the process.
As stated above, MQC and cryogenic methods have not been widely studied yet, so that there is still poor knowledge on the effects on the surface integrity of the workpiece and on the economical evaluation of the process.
As far as Inconel 718 is concerned, it is well known that this superalloy can be used under high-temperature environment such as the fabrication of critical pieces for turbine engines, thanks to its good mechanical properties (yield strength up to 650 °C, impact strength and fracture toughness down to – 40 °C) [Reed, 2006; Sims and Hagel, 1972] and its corrosion resistance [INCONEL Alloy 718, 1985]. In addition, this alloy can be easily forged and welded keeping an excellent thermal fatigue, oxidation and corrosion resistance [Azadian et al., 2004; Rao et al., 2003].
Sintered carbide tools are generally recommended for machining advanced nickel based superalloys such as Inconel 718 [Ezugwu et al., 1999; Subhas et al., 2000]. Some studies have shown that ceramic inserts, even if in some cases provide considerable productivity gains compared with carbides [Narutaki et al., 1993; Vigneau et al., 1987], continue to remain limited to roughing operations in the aerospace industry, due to their negative influence on the surface integrity.
In this study, the effects of cutting conditions, using different lubricooling systems, on surface roughness, tool wear and cutting forces when machining Inconel 718 with coated cemented carbides, were investigated. 
Furthermore, economic analysis was carried out to identify the most economical operating modes, then excluding the costs disposal, strictly depending on the specific country. Despite to the fact that excessive costs are attributed to the lubricoolant employ, it will be shown how it continues to be the best in terms of production increase. As for MQC and cryogenic systems, the most innovative methods considered in this paper, the first one positively affects the tool life but it is still very expensive, while poor results are obtained in cryogenic machining in terms of both wear resistance and cheapness.
2. Experimental Procedure

2.1. Workpiece
Chemical composition of Inconel 718 is shown in Table 1 (from supplier). The alloy was supplied as a circular rod having a diameter of 100 mm and a length of 317 mm. The rod was subjected to standard heat treatments, divided into solid solution and aging treatments, according to the AMS standard 5662 (from supplier) [AMS 5662, 2004].
Both are required to obtain the maximum heat treatment effects and obtain the best combination of tensile and stress rupture properties [Kuo et al., 2009]. The heat treatment produced a hardness of 415 HB.
2.2. Cutting tools
Cemented carbide, grade K20, where selected for turning operations, because of its high hot hardness, compressive strength, low conductivity and thermal expansion (thermal shock resistance).  A coated tool was selected, since cutting speed has to be kept low with uncoated ones [Devillez et al., 2007; Ezugwu and Wang, 1996; Ezugwu et al., 1999; Subhas et al., 2000].
The coating was a 4 μm multilayer, prepared by Chemical Vapour Deposition (CVD), consisting of TiCN/Al2O3/TiN. Decision to test it in turning Inconel 718 arises from the features of the multilayer:
· Inner layer: TiCN, to ensure good adhesion to the substrate.
· Intermediate layer: Al2O3, resistant to high temperatures, with low thermal conductivity, high resistance to flank wear, acting as thermal and chemical barrier delaying the phenomenon of cratering.
· Outer layer: TiN, proposed to increases the flank and notch wear resistance and prevents the effects of built-up edge up to temperatures of 600-700 °C.
Cutting tool edge geometry signiﬁcantly inﬂuences aspects such as cutting forces, cutting temperature, tool wear, tool-life and surface roughness [Braghini et al., 2004; Ezugwu and Tang, 1995; Nalbant et al., 2007]. Being a finishing work, the Schmalz formula (e.g. Manuale degli utensili, Edited by Tecniche Nuove) was used for calculating the radius of the insert tip
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with Ra surface finish [μm], f feed rate [mm/rev] and r radius of the tip [mm].
Our purpose was to obtain a surface roughness equal or lower than 0.400 μm, the tolerance limit imposed for the components in the aerospace engine sector [Klocke et al., 2008], which leaded to the choice of a round insert with radius r of 6 mm. 
The round cutting tools, selected for the positive influence in terms of tool life and surface finish [Ezugwu and Pashby, 1992], are referenced as RCMT 1204MO-SM-S05F, produced and marketed by Sandvik Coromant. Information on the tools are listed in Table 2.
The inserts were mounted on a Mircona SRDCN3225-12M tool holder.

2.3. Cutting parameters and conditions

Longitudinal turning operations were carried out with a CNC Graziano lathe (50 kW spindle, maximum spindle speed of 5000 rpm) under different lubrication conditions: i) traditional lubricooling, indicated as wet; ii) dry; iii) minimum quantity lubrication, indicated as MQL; iv) minimum quantity cooling, indicated as MQC; v) use of gaseous refrigerant at cryogenic temperatures, indicated as cryo. 
In the traditional lubricooling system, lubricoolant is applied through an adjustable nozzle towards the cutting tool. The cutting fluid was a water based emulsion containing 5% of soluble oil (CIMPERIAL). The fluid was sprayed onto the cutting area at 30° angle with single nozzle (flow rate 10 l min-1). Oil features are shown in Table 3.
For MQL condition, the equipment was an Accu-LUBE system, applied at 0.3 ml min-1 rate. The system was connected to the compressed air through a pressure regulator set at 6 bar. It has two independent systems of regulation of the oil/air flow. Once generated, the flows of air and lubricant are supplied to the nozzles by means of two independent coaxial tubes; the mixing and nebulization of the oil occurs in the terminal part.
LB2000 oil was used in the present work. It is biodegradable, non-toxic and obtained from renewable raw materials (properties in Table 4).
The MQC system is composed of a vaporization system of the fluid by means of compressed air. SNS03IDR machine, (from Auges) was used. The fluid was a water based emulsion containing 5% of soluble synthetic ester-based oil (VASCO 5000 by Blaser Swisslube Inc.). The system was used by applying the fluid through a nozzle directed to the interface between the chip and the rake face of the cutting tool (flow rate 40 ml min-1). Contrary to the MQL system, in this system the mist is formed in the mixer SNS and introduced into the pipe up to the nozzle. The mist created by the machine tends to disperse in the surrounding atmosphere and therefore requires the presence of a vacuum cleaner above the lathe that collects and filters the formed steam. 
The properties of VASCO 5000 oil are shown in Table 5.

The selection of a lubricoolant is based primarily on its influence on the cutting performance [De Chiffre, 1980; De Chiffre et al., 1994; Suda, 2002]. Lately, however, the cutting fluid is also considered for other benefits, because of the growing interest in environmentally friendly applications [Axinte et al., 2001; Belluco and De Chiffre, 2001; McCabe and Ostaraff, 2001; Suda et al., 2002]. 
As for the cryogenic system, the selected coolant was nitrogen (boiling point -77K). Nitrogen is a safe and noncorrosive gas, leaving no residue to contaminate the parts, chips, lathe or operator, thus eliminating disposal costs. 
Cutting speed, feed and depth of cut were used to derive the Material Removal Rate (MRR), indicating the volume of material removed per unit of time [cm3/min]:

MRR = VC · fn · ap
It was used to compare the productivity of the inserts, taking also into account the contact time.

The tests have been programmed to allow the determination of VC15 as index of workability, i.e. the cutting speed necessary to have a tool life of 15 minutes, obtained by Taylor Curve construction. According to the standard UNI ISO 3685, at least 5 points were collected to obtain the Taylor Curve. The total number of points, necessary to obtain a good Taylor curve, are represented by measurements at different cutting speeds and, eventually, some repetitions under the same cutting speed [ISO 3685, 1993]. The number of points collected is enough to obtain a good trend, so that repetitions are actually not mandatory.   

Feed rate was 0.25 mm/rev and depth of cut 0.5 mm. The cutting parameters are summarized in Table 6.
The wear evolution was monitored by measuring, at regular intervals of time, the wear of the cutting edge for each cutting speeds. 
The wear was measured in accordance with standard ISO 3685 using a toolmaker’s microscope. The insert was never removed from the tool holder during the measurements with the aim to mount it at the same position. 
Cutting tests were stopped when the maximum flank wear was 0.2 mm (VBBmax was chosen according to ISO 3685) and the worn tools were examined by scanning electron microscope (SEM).

Cutting forces were measured equipping the CNC Graziano lathe with a three-component piezoelectric quartz dynamometer Kistler 9263 SN with the appropriate multi-channel charge amplifier (Kistler 5110 B10), allowing the measurement of the three orthogonal cutting forces:

· Ft shear component

· Fa feed component
· Fr radial component

Values were directly and continuously monitored during the test by a data acquisition software. 
2.4. Roughness

The surface parameters were measured using a contact proﬁlometer Form Talysurf 120 under the following conditions:

· Cut off length = 0.8 mm
· Area of measurement = 2 x 2.4 mm2
Since the average roughness, Sa, appears insufficient to characterize the surfaces, also statistical parameters SSK and SKU were measured: 
· Skewness SSK → measure the asymmetry of the density function, (indicative of the predominant symmetry )

· Kurtosis SKU → is equivalent to the density of the peaks of the profile (indicative of the density of jaggedness )
The stylus type was conical, with a radius tip of 2 μm. The tests were performed within an air-conditioned laboratory, where the temperature is kept at 20 °C. Twenty measurements were made for each machined surface, randomly. The instrument was calibrated using a standard calibration block prior to the measurements.
2.5. Turning costs

In order to consider the economic impact of the turning process, different factors were considered. The presented economic analysis takes into account the costs involved in the machining process, excluding the disposal costs of coolants. Furthermore, the costs here reported are referred to the authors’ country and cannot be considered as universal, since they can change in other nations. Such analysis aims to prevent the “a priori” belief that the use of conventional fluid results into a certain increases of the costs. The choice of the optimal conditions from the economic point of view should be made taking into account, as well as productivity, also the costs of the tool, plants, etc. Generally the conditions for maximum economy are obtained at speeds lower than those corresponding to those of the maximum production.
The total cost curve can be constructed using the following equation, available in almost all mechanicals processing or tools manuals (e.g. Manuale degli utensili, Edited by Tecniche Nuove), that defines the cost necessary to remove one cm3 of material (for turning operations):
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while the formula of productivity, which determines the time required to remove 1 cm3 of material, is reported in the following
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Vc, ap, f are the cutting parameters; tc is the tool life; Co is the cost of labour; sm is the machine amortization, including the cost of the lubrication system and the general expenses; tcu is the tool changing time; Cpu is the cost of the tool holder; Nu is the number of uses of the tool holder; Nt is the number of cutting edge.
The economic life and the maximum time of production can be calculated using the following equations:
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with α coefficient of the Taylor curve, CT cutting tool cost per cutting edge, CM total cost of the machine, including labour and related overhead costs per minute. The constants values are shown in Table 7.
The range of the cutting speeds, comprised between Ve and Vmp, represents the field of high-efficiency within which the cutting speed for an economical use of the machine is found.
3. Results and discussion
3.1 Wear and tool life evaluation

In some literature studies where ceramic tools are used, the most detected tool wear type when cutting Inconel 718 is notch wear formed at the depth of cut line, due to severe thermal processes, high work hardness, high strength of the workpiece and abrasive particles [Altin et al., 2007; Bhattacharya et al., 1984; Bhattacharya et al., 1987]. It occurs in the area where cutting tool and material are separated. It is caused by the friction of the flank insert with the material just worked, which work hardens more and more, and by oxidation phenomena. 

Ezugwu and Wang [1996] have shown that chemical vapour deposition (CVD) coated tool failed by severe notching and ﬂank wear when used to machine Inconel 718. In our case, using  round inserts and low depth of cut it was possible to prevent notch wear under all the conditions.

In this study the types of wear observed are mainly:

· Flank wear, characterized by a series of striations parallel to the cutting direction originated from abrasion; estimated by measuring the maximum width of the bands (VBBmax) (figure 1a, 2a, 3a, 4a)
· Wear on the rake face, occurring through the formation of a crater originated by diffusion at high temperatures and abrasion (figure 1b, 2b, 3b, 4b); the diffusion alters the material of the tool, making it more subjected to abrasion process which in turn generates the crater. These phenomena occur on the substrate after coating removal.
In both cases, the tool suffers alteration of the shape and the size. 
According to literature data, the phenomena of adhesion and abrasion appear to be the most frequently observed during machining Inconel 718 [Bhatt et al., 2010]. The abrasive particles contained in its structure produce a severe abrasion on the tool rake face. Moreover, the elevated heat generated during the cutting process leads to phenomena of oxidation and diffusion, quickly resulting in cratering also at low cutting speed.
The main difference observed in the morphology is related to a higher uniformity of the flank wear in MQL condition and in a less important phenomenon of craterization when using MQC.
Another problem is due to the build-up edge (BUE), constituted by the presence of material of the workpiece welded on the cutting edge of the insert, due to the pressure during cutting. This adhesive wear especially happens with materials that exhibit work hardening; part of the chip hardens so much to replace the cutting edge during metal removal. Consequences of this phenomenon are premature damage of the insert and poor surface finish. Usually this problem is solved by increasing the cutting speed (BUE is most likely due to the tendency for chips to pressure weld onto the tool surface at low cutting speeds), so as to increase the heat produced and therefore decrease the BUE hardness.
Figure 5 shows the rake face of cutting edge after turning in micro lubrication condition (MQL), as example. The picture shows an area with material transfer on the cutting edge, followed by an area with a clear coating removal and a beginning of cratering, where the coating has been removed. The figure also shows the EDS analysis of this material. It can be observed the presence of elements such as nickel, chromium and iron, typical of Inconel 718. The presence of BUE was observed for all the lubricooling conditions, especially at low cutting speed and in MQL condition. In dry condition the BUE amount was significantly higher than in lubricated ones.
The values obtained from the wear curves have been ordered in the double logarithmic diagrams that represent the "speed - duration" curves (Taylor curves, Figure 6), used to obtain the VC15 values for each lubricooling condition:
· Dry:
α = 0,4890
C = 143,56 
( 
Vc15 = C/ tα = 38 m/min

· Wet: 
α = 0,3515
C = 130,87 
( 
Vc15 = C/ tα = 51 m/min

· MQL: 
α = 0,4257
C = 150,38 
( 
Vc15 = C/ tα = 47 m/min
· MQC: 
α = 0,2437
C = 96,03
( 
Vc15 = C/ tα = 49 m/min
Traditional lubrication allows to machine at the highest cutting speed, even if MQC/MQL systems give very good results. Especially MQC system provides durations very close to those obtained in wet condition, but with a fluid flow rate and consumption of lubricoolant significantly lower. As far as the dry condition is concerned, cutting speed (Vc15) is considerably lower, as expected. 
The results reported in other studies using both round and rhomboidal inserts are quite in agreement with ours [Nalbant et al., 2007]. The main differences are related to the absence of notch wear in our case, probably because of a depth of cut lower enough to overcome this issue.
By developing a "prototype" system, two different methods of cryogenic refrigeration (external and internal to the tool holder) were used in turning tests [Figure 7]. The efficiency of the cryogenic system was evaluated using as reference the wet condition. Table 8 shows the wear values and the comparison with those obtained with the traditional lubricooling.

Comparing the wear values, cryogenic system with internal power supply seems more effective than that with external power supply. The overall analysis of the results shows that, at the same cutting time, the cutting edge used in cryo tests presents flank wear values consistently higher than those used in wet tests.

Furthermore, the tool employed under cryogenic condition is subjected to a higher thermal shock, causing fractures (Figure 8).
Such fracture was observed independently on the cutting speeds and increases with increasing the cutting time, affecting the surface finish of the workpiece. 
Cryo condition guarantees a greater tool life compared to dry condition, according to literature data [Bermingham et al., 2011], but no benefit was observed when compared to the traditional lubricooling.

3.3. Cutting forces

The cutting forces are in direct correlation with the flank wear of the cutting edge and increase sharply when the tool loses its cutting properties, as expected. 
Usually, the shear component is prevalent in turning operations, while in our test the higher component is the repulsion force, the minimum the feed force and the intermediate the shear one. This phenomenon can be ascribed to the use of an insert with round geometry in a machining operation with a small chip section. The large radius of the insert, in fact, is useful to obtain a lower wear of the cutting edge but, at the same time, tends to increase the extent of the repulsion force (force that tends to detach the tool from the workpiece).
Figures 9 and 10 show Ft and Fr as a function of the cutting speed. In lubricated condition a growth of the forces, in particular the component of repulsion, is noted. The phenomenon is due to the different morphology of the tool wear when using the cutting fluid. In fact, the tool manifests, to equal VBmax, a wear morphology more regular with respect to the cutting edge used in dry machining. This implies an area of degradation wider and thus the increase of forces registered in the tests. The more irregular wear, recorded in dry machining, can be explained in terms of  an increased heat accumulation on the tool and to its concentration in a smaller section of the cutting edge.
In general, the figures show as shear force decreases by increasing cutting speed, as seen also from Nalbant et all. [2007]; an enhancement in cutting speeds increases the cutting temperatures and hence reduces the cutting forces. Fang and Wu [2009] have shown that even the force Fr decreases with increasing cutting speed. 
However, in the present study, an increase of this force by increasing cutting speed is observed for dry condition. The lowest Ft and Fr forces are observed at cutting speeds close to the VC15. 
3.4. Surface characterization

Figure 11 shows an example of the 3D surfaces for MQL condition, with and without suppression of the form, obtained at a cutting speed very similar to VC15 under lubricated conditions. The values of Sa, Ssk and Sku, parameters similar to the corresponding R values but referred to a surface, are shown in Table 9.
It can be seen that dry and MQL conditions result in higher values of Sa which is mostly attributed to the deposition of residual built up edge onto the machined surface, arising from the higher heat accumulation in both dry and MQL conditions. The BUE may have been broken down during the revolution of the workpiece and has been deposited over the machined surface. 

In the case of wet cutting, the lubricoolant reduces the temperature and so the surfaces are considerably cooler than in dry and MQL cutting, thus preventing the adhesion of the residual built up edge to the machined surface. The use of MQC system results in lower values of Sa which is attributed to the cooling power of the lubricoolant. The trends obtained for MQC as well as wet cutting condition were similar.
As described above, the surface finish obtained with the use of the cryogenic system is decidedly worse with respect to all the other conditions. The values of the Ssk and Sku parameters show a profile similar to that obtained for MQL system and dry condition; they indicate a surface with a predominance of valleys and with a high density of jaggedness.
In general, the values of Sa are in all cases smaller than one micron. It can be noticed, as also demonstrated by Ezugwu and Tang [59 - 1995], that the use of round inserts generate a higher surface ﬁnish since the contact length of the tool is large and so the height of the feed marks are reduced, resulting in lower Sa values. 
3.5. Economic analysis
The values of economic analysis are reported in Table 10.
Despite to the supposed excessive costs when use conventional lubricants, such condition continue to be the best when a production increase is required. The data demonstrate how the use of cutting fluid provides a production cost per removed cm3 lowest compared to other conditions (decidedly more economical than dry or MQC ones); furthermore, its use allows to remove more material. 
MQC is the most onerous (see production cost in Table 10) because of the costs related to supply compressed air to the system of mixing and energy to the pump of the cutting fluid and to the vacuum cleaner system.
In figures 12 and 13 relations between machining costs, productivity and cutting speeds are shown. 

It is possible to determine from the pictures the range of high efficiency for the concerned turning operation. 
4. Conclusion

Characterizations and turning tests were carried out, varying cutting conditions and lubricooling systems, in order to evaluate the machinability of Inconel 718. Results can be summarised as follows:

· Main wear mechanisms are abrasion and diffusion, affecting the deterioration and ﬁnal failure of the WC coated tools. The triple-layer (TiCN/Al203/TiN) CVD coating exhibits the highest wear resistance at a speed of 50 m/min in conventional lubricated condition.

· The use of the eco-friendly MQC system allows to obtain a tool life similar to that achieved in wet condition. However, this solution is still considerably more expensive than traditional lubricooling condition. 
· MQL system proves to be the best compromise in terms of cost and environmental impact. However, it should be considered that this system allows more lubrication than cooling, so that a further increasing in thermal load (e.g. in a machining operation with a greater section of chip), the gap of efficiency and cost between this method and the traditional lubricooling might be amplified considerably.

· The use of a prototype system for cryogenic refrigeration results in a significant reduction in tool life, arising from the formation of fractures. Furthermore, these fractures affect the surface finish of the workpiece and the integrity of the cutting edge itself. The study on the possible applications of this technique remains open because of the high refrigeration power together with a total absence of pollutants. 
· Negligible variations are found in the entity of the cutting forces using the different machining methods. The increases of the forces recorded during the tests are, as one would expect, in correlation with the degree of wear of the cutting edge.
· Insert geometries (round and radius) seem to have a signiﬁcant eﬀect on the surface roughness. Round insert gives a better surface roughness with respect to literature data.
· Lowest values of the surface roughness were obtained when coolant was used (Wet and MQC conditions).
· The use of cutting fluid provides a production cost per removed cm3 lowest compared to the other conditions.
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Tables

	Chemical composition
	Weight % (except where stated ppm)

	Ni

53.56
	Cr

19.08
	Nb

5.22
	Mo

2.97
	Ti

0.95
	Al

0.49
	Co

0.17
	Si

0.11
	Mn

0.06
	Cu

0.04

	C

0.028
	P

0.008
	B

0.004
	Ta

< 0.01
	S

< 0.001
	Bi (ppm)

< 0.1
	Se (ppm)

< 3
	Pb (ppm)

0.1
	Fe

16.58
	


Table 1 - Chemical analysis of Inconel 718 (wt.%)

	Property

	Hardness [HV30]
	1704 ± 90
	Rake angle [deg]
	0

	Density [g/cm3]
	13.9
	Clearance angle [deg]
	7

	Edge preparation
	Honed shaped
	Top rake angle [deg]
	5


Table 2 - Main properties of the cutting tools

	Manufacturer

Cimcool
	Name

CIMPERIAL 1070

	Water solubility

Miscible to 100%
	Viscosity at 100°F (37,8°C)

1000 (215 mm2 s-1)

	Density (lb gal-1) at 15,6°C

8.5 (1018,5 kg m-3)
	Flash Point /Sp.Gr./Boiling Point

385°F/1.024/ND

	pH Mix 5%, typical percentage of operating

8.6
	Total sulfides (weight %)

0.1

	Total chlorine / chlorides (weight %)

7.3 / < 50 ppm
	Silicones

Present


Table 3 - Properties of traditional lubricoolant

	Manufacturer

Accu-Lube
	Name

LB 2000

	Water solubility

Insoluble
	Viscosity at 40°C

37 cSt (mm2 s-1)

	Density

920 kg m-3
	Flash Point / Pour Point

608°F (320°C) / -4°F (-20°C)

	Mineral oil

0 %
	Sulfides

Absent

	Chlorine / chlorides

Absent
	Silicones

Absent


Table 4 - Properties of oil ACCU-LUBE

	Manufacturer

Blaser Swisslube Inc
	Name

VASCO 5000

	Density

0.96 g cm-3
	Viscosity at 40°C

90 cSt (mm2 s-1)

	Flash Point

356°F (180°C)

	Water

0.1 %
	Ester

52 %


Table 5 - Setup and properties of MQC system
	Lubricooling
	ap (mm)
	fn (mm/rev)
	Vc (m/min)

	Dry
	0.5
	0.25
	35, 40, 50, 55, 60, 70

	MQL
	0.5
	0.25
	40, 45, 50, 55, 60, 70

	Wet
	0.5
	0.25
	45, 50, 55, 60, 70, 80

	MQC
	0.5
	0.25
	40, 45, 50, 55, 60

	Cryo
	0.5
	0.25
	35, 50


Table 6 - Experimental plan
	Constants
	Value
	
	Description

	Co
	0,348
	€/min
	Cost of labour

	sm
	0,485
	€/min
	Machine amortization

	tcu
	1,5
	min
	Tool changing time

	Cpu
	110
	€
	Cost of the tool holder

	Nu
	3000
	
	Number of uses of the tool holder

	Cp
	5,5
	€
	Cost of tool

	Nt
	4
	
	Number of cutting edge

	CT
	1,412
	€
	Cutting tool cost per cutting edge

	CM Dry
	0,833
	€
	Total cost of the machine, including the cost of the lubrication system

	CM Wet
	0,932
	€
	“

	CM MQL
	0,860
	€
	“

	CM MQC
	1,276
	€
	“


Table 7 - Constants values used for the economic analysis
	Vc = 35 m/min
	Cutting time = 20 min

	
	Wet
	Cryo Int.
	Cryo Ext.

	Flank wear [mm]
	0.121
	0.201
	0.224

	
	
	
	

	Vc = 50 m/min
	Cutting time = 10 min

	
	Wet
	Cryo Int.
	Cryo Ext.

	Flank wear [mm]
	0.09
	0.115
	0.130


Table 8 - Flank wear comparison
	Vc = 50 m/min
	
	
	
	
	

	
	MQC
	MQL
	Dry
	Wet
	Cryo

	Sa
	
	
	
	
	

	Med.
	0.2914
	0.4006
	0.3936
	0.2509
	0.4555

	Dev. Stan.
	0.0314
	0.0145
	0.0587
	0.0158
	0.0267

	Ssk
	
	
	
	
	

	Med.
	0.0549
	-0.2208
	-0.5650
	0.4636
	-0.2487

	Dev. Stan.
	0.2547
	0,2658
	0.1478
	0.1198
	0.3541

	Sku
	
	
	
	
	

	Med.
	2.567
	3.968
	3.924
	2.267
	3.874

	Dev. Stan.
	0.2024
	0.0147
	0.0059
	0.0102
	0.1021


Table 9 - Surface roughness parameters measured at different lubricooling conditions (flank wear of tools = 0.2 mm)
	C [€/cm3]               Production cost per cm3 removed

	Dry
	Wet
	MQL
	MQC
	te [min]

	0.2154
	0.1739
	0.1781
	0.2423
	Dry
	Wet
	MQL
	MQC

	
	
	
	
	3.34
	5.56
	4.23
	8.08

	t [min/cm3]          Time required to remove 1 cm3

	Dry
	Wet
	MQL
	MQC
	tmp [min]

	0.2331
	0.1716
	0.1859
	0.1786
	Dry
	Wet
	MQL
	MQC

	
	
	
	
	1.57
	2.77
	2.02
	4.65


Table 10 - Production cost and production time for the different lubricooling conditions

Figure captions

Figure 1. SEM Micrographies (SE mode) of the tools under dry conditions: (a) flank wear, (b) crater wear.

Figure 2.  SEM Micrographies (SE mode) of the tools under wet condition: (a) flank wear, (b) crater wear.

Figure 3. SEM Micrographies (SE mode) of the tools under MQL conditions: (a) flank wear, (b) crater wear.

Figure 4. SEM Micrographies (SE mode) of the tools under MQC conditions: (a) flank wear, (b) crater wear.

Figure 5.  Analysis of the crater wear in MQL condition, which evidence the presence of Built up edge: a) micrography (SE mode), b) EDS analysis.

Figure 6. Taylor curve for the different lubricooling conditions.

Figure 7.  Photograph of the cryogenic “prototype” system; in the highlighted box, view of the external lubrication.

Figure 8. Flank wear and fracture of the cutting edge used in external cryo test.

Figure 9. Cutting force Ft values as a function of cutting speed (flank wear = 0.2 mm).

Figure 10. Cutting force Fr values as a function of cutting speed (flank wear = 0.2 mm).

Figure 11.  3D surface and roughness parameters for MQL condition (Vc15 = 48 m/min)

Figure 12.  Production cost per cm3 removed as a function of cutting speed.

Figure 13. Time required to remove 1 cm3 as a function of cutting speed.
� Corresponding author. Tel. : +39 011 3977622. E-mail address: v.tebaldo@imamoter.cnr.it





1

_1425212474.unknown

_1503232325.unknown

_1527420843.unknown

_1425284644.unknown

_1425212449.unknown

