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Abstract

:

Cooling–lubricating processes have a big impact on cutting force, tool wear, and the quality of the machined surface, especially for hard-to-machine superalloys, so the choice of the right cooling–lubricating method is of great importance. Nickel-based superalloys are among the most difficult materials to machine due to their high hot strength, work hardening, and extremely low thermal conductivity. Previous research has shown that flood cooling results in the least tool wear and cutting force among different cooling–lubricating methods. Thus, the effects of the flood oil concentration (3%; 6%; 9%; 12%; and 15%) on the above-mentioned factors were investigated during the slot milling of the GTD-111 nickel-based superalloy. The cutting force was measured during machining with a Kistler three-component dynamometer, and then after cutting the tool wear and the surface roughness on the bottom surface of the milled slots were measured with a confocal microscope and tactile roughness tester. The results show that at a 12% oil concentration, the tool load and tool wear are the lowest; even at an oil concentration of 15%, a slight increase is observed in both factors. Essentially, a higher oil concentration reduces friction between the tool and the workpiece contact surface, resulting in reduced tool wear and cutting force. Furthermore, due to less friction, the heat generation in the cutting zone is also reduced, resulting in a lower heat load on the tool, which increases tool life. It is interesting to note that the 6% oil concentration had the highest cutting force and tool wear, and strong vibration was heard during machining, which is also reflected in the force signal. The change in oil concentration did not effect the surface roughness.
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1. Introduction


Nickel-based superalloys are highly challenging to machine because of their elevated tensile strength and hardness at high temperatures, coupled with poor thermal conductivity and low elongation at break [1,2,3,4,5]. These mechanical and physical properties reduce the machinability of these materials [6]. High thermal load (at 1000 °C) and substantial tool loading occur during the machining process, leading to significant cutting forces and vibrations [3,7]. Consequently, this results in rapid wear of cutting tools and frequent tool breakages [8,9]. Tool wear is a complex occurrence stemming from the interaction of mechanical (abrasion) and chemical (diffusion) factors between the cutting tool and the workpiece during machining procedures. When machining nickel-based superalloys, different types of tool wear—like mechanical wear, adhesive wear, diffusion wear, and oxidation wear—become notably more pronounced and challenging [10,11,12]. Furthermore, extremely precise tolerances must be maintained concerning the components’ geometry, a factor significantly influenced by tool wear [13,14,15]. The presence of a substantial amount of metal carbides (MC, M23C6) in the raw material further exacerbates tool wear [16]. Owing to these characteristics, achieving high technological parameters is not feasible using metal carbide cutting tools, unlike ceramic tools that are capable of attaining cutting speeds of up to 1000 m/min [17,18].



Machinability is influenced by several factors such as material properties, system characteristics, and various cutting parameters and settings, as shown in Figure 1. These factors act as a system to influence tool wear, tool life and load, size and shape accuracy, and surface roughness of the machined surface [16,19,20,21]. Of these factors, the effects of cooling–lubricating processes will now be addressed.



During chip removal, three distinct zones emerge at the contact of the tool and workpiece surfaces. These are the primary shear zone (PSZ), characterized by the rapid shearing of metal volumes transitioning from the workpiece material into the forming chip; the secondary shear zone (SSZ), which forms due to friction at the tool–chip interface; and the tertiary shear zone (TSZ), where plastic deformation occurs because of the interaction between the newly machined surface of the workpiece and the tool flank [22]. In these zones, intense friction leads to the generation of high temperatures and extremely elevated local loads [23]. In the machining of various nickel-based superalloys, several cooling–lubricating or heating processes such as flood [1,24], MQL (minimum quantity lubrication) [25,26], cryogenic cooling with LCO2 (liquid carbon dioxide) [27] and LN2 (liquid nitrogen) [28], the combination of cryogenic cooling and MQL (CryoMQL) [29], LAM (laser-assisted machining) [30,31], and gas flame [32,33] and induction-assisted [34,35] heating are used to reduce friction and thus increase tool life, reduce the amount of cutting force and energy consumption, and improve the surface quality of the machined part [36,37]. Cooling techniques are essential in machining superalloys. Although applying cutting fluid to the machining zone is complex, it offers significant benefits by providing effective lubrication and cooling. Machining superalloys without coolant is nearly impossible due to their material properties. The high temperatures generated during machining cause the tool to anneal and wear, while the material’s high thermal strength and work hardening lead to high cutting forces. The only way to reduce this phenomenon is to use cutting fluid [38,39,40]. Numerous studies [26,41,42] have shown that machining these materials whilst dry does not work with carbide tools. This is because dry machining lacks a cooling and lubricating medium to dissipate the high cutting temperatures from the zone and to lubricate the contact surface between the tool and the workpiece. When machining with emulsion and MQL cooling, the cutting force was nearly halved, and wear was significantly reduced compared to dry machining.



The oldest cooling–lubrication method is traditional flood cooling, which significantly enhances machining performance due to its lubrication, cooling, and chip removal functions. It also reduces the adhesion on the contact surfaces between the tool and the workpiece, thereby decreasing the cutting force during machining [43,44]. It also improves the surface quality of the component and provide corrosion resistance [45,46]. Cutting fluids can be classified into three main groups: oil-based, gas-based, and water-based. Of these, water-based cutting fluids are most commonly used when machining difficult-to-machine alloys. They can be solution- or emulsion-based, using synthetic or semi-synthetic oil [47]. These water-based cutting fluids provide favorable conditions for bacterial colonization. The fumes and suspended particles generated during their use can cause respiratory and other health problems [48,49]. Furthermore, when released into the environment, they result in severe environmental toxicity, which is why strict regulations govern how and under what conditions these cutting fluids can be used and how they must be disposed of. To avoid or mitigate this, there is a growing demand among manufacturers for vegetable oils, which are biodegradable and offer good performance in terms of cost-effectiveness compared to synthetic cutting oils [50]. Nevertheless, emulsified flood cooling has yet to become truly environmentally friendly, as it consumes many natural resources, and its disposal is also polluting [51,52,53]. Therefore, researchers have begun to explore new, more environmentally friendly cooling and lubrication methods.



Innovative technologies such as MQL, cryogenic cooling, and, later, the combination of cryogenic cooling and MQL for machining processes have emerged in the field of cooling and lubrication. The MQL technique is also referred to as near-dry lubrication, micro lubrication, and near-dry machining [54,55], where the lubrication flow rate in machining is between 10 and 100 mL/h [56]. This amount of oil, sprayed with air in droplets, is sufficient to form a thin oil film between the contact surfaces of the tool and the workpiece, reducing the friction and heat generation coefficients [57]. Cryogenic cooling is extremely beneficial in keeping the cutting temperature low during machining, which helps to prevent the tool from reaching a softening temperature. To achieve even lower temperatures, liquid nitrogen is used as a coolant, as it has a boiling point of −197 °C [28]. This advantage is usually complemented by MQL, in which a mixture of oil particles and air is injected into the cutting zone to reduce friction between the cutting tool and the machined surface [1,25,27]. These cooling–lubricating methods are significantly more environmentally friendly compared to flood cooling [58].



From a technological perspective, however, flood cooling still plays a significant role in the machining of difficult-to-cut alloys, especially when using conventional technological parameters. Patel et al. [24] turned 30 mm diameter, hot-rolled Nimonic 90 material using Kyocera-made coated 120408MS-PR1535 tungsten carbide inserts under various technological parameters and with both wet and liquid carbon dioxide cooling. The results show that in all cases, the cutting force was approximately 30% higher with liquid carbon dioxide cooling than with wet cooling. This is due to strain hardening occurring at low temperatures. However, tool wear was significantly lower with LCO2 cooling compared to wet cooling. This difference is particularly noticeable at higher technological parameters. At lower technological parameters, this difference in wear decreases. The average surface roughness was higher in all cases with LCO2 cooling compared to wet cooling. This can be attributed to the lack of lubrication between the tool and the workpiece contact surface. Pereira et al. [27] milled an Inconel 718 nickel-based superalloy using an S10 carbide end mill with TiAlN coating under constant technological parameters in wet, MQL, externally and internally applied CO2, and CryoMQL environments. Regarding cutting forces, no significant difference was observed, although the lowest forces were recorded with wet cooling. However, the tool life was three times longer with wet cooling compared to externally applied CO2 cooling. In wet machining, only adhesion was observed on the tool edge, whereas in other cases, this was accompanied by edge chipping as well. Kaynak et al. [59] machined a hot-rolled Ti-5Al-5V-5Mo-3Cr titanium alloy using uncoated 883 grade inserts under various technological parameters in MQL, flood cooling, and high-pressure coolant (HPC) environments. They found that tool wear generally increased with the cutting speed; however, the rate of increase was significantly smaller with flood cooling and HPC compared to MQL. No significant difference in cutting force was observed in the lower cutting forces, but at a cutting speed of vc = 210 m/min, the cutting force was significantly reduced with HPC.



Kónya and Kovács stated in their research [1,60] that when milling GTD-111 nickel-based superalloys, cryogenic cooling is not beneficial to the tool life, as high wear and chipping are observed at the tool edge; even with flood cooling, only minimal wear is observed. In addition, the surface roughness also deteriorated significantly at the bottom of the slot. Only chip breakage improved, as the material became brittle due to the cryogenic cooling. These results were greatly improved by the use of cryogenic cooling with liquid CO2 and minimum quantity lubrication (MQL) since, in addition to cooling, lubrication is also present. Overall, the results show that lubrication has a greater effect on tool life than cooling. Since cryogenic cooling did not improve the tool life, tool loading, and surface roughness of the machined surfaces of GTD-111 nickel-base superalloys, the aim of this paper is to investigate the effects of oil concentration of flood cooling and find the most favorable one for the cutting force, tool wear, and surface roughness of the bottom of the milled slot.




2. Materials and Methods


2.1. Experimental Procedure


The experimental procedure is illustrated in Figure 2. In the experiments, the impacts of the oil concentration of the flood on the cutting force, tool wear, and surface roughness at the bottom of the milled slots were investigated. MOL Emolin 120-type biostable oil was used. The concentrations were adjusted with a Blaser-type refractometer, Blaser.swisslube; Distributor: Helvet Kft.; Distributor’s city and country: Pilisvörösvár, Hungary. The experimental parameters are shown in Table 1. For slot milling, a BZL5D080R10L064S18P-type TiALN coated carbide end mill was used. It had a diameter of 8 mm, 5 cutting edges, and a corner radius of 1 mm. The axial depth of cut was initially ap = 8 mm; then, due to tool breakage at low oil concentration, it was reduced to ap = 4 mm. The size of the milled slots was 40 × 8 × 4 mm. Hard milling involves high levels of stress on a machine tool, demanding a robust and exceptionally rigid machine; therefore, the NCT-EmL 850D was chosen for the experiment. For the cutting force measurement, a KISTLER 9257B-type dynamometer with a KISTLER 5007-type charge amplifier unit was utilized. The measured force signals were recorded with Dynoware software Version 3.2.5.0 and evaluated in OriginPro 2021 software.



An Olympus LEXT OLS5000 confocal laser scanning measuring microscope was used to measure tool wear. The field view was 2600 × 2600 µm; the magnification was 1×. Each cutting edge of the 5-edged tool was measured 3 times, and the average flank wear (VB) and the dispersion were determined. For measuring the average surface roughness (Ra) and main roughness depth (Rz), a Mitutoyo Formtracer SV-C3100 tactile roughness tester was utilized. Each milled slot was measured 3 times, and the results were evaluated in Microsoft Excel.




2.2. Material


In the experiments, the GTD-111 nickel-based superalloy was machined, the chemical composition and mechanical and physical properties of which are shown in Table 2, Table 3 and Table 4.





3. Results


3.1. Cutting Force


The evolution of the cutting force components and the calculated cutting force as a function of the machining time for an axial depth of cut of 8 mm are shown in Figure 3. It can be seen that at the 3% oil concentration, the x and y directions of the cutting force immediately increased up to the 5000 N limit, and then broke after nearly 30 s, after a machined length of about 20 mm, as shown in Figure 4. At 6% oil concentration, the force rise was less steep than at 3%, but the load reached the measurement limit and broke at 42 s, which represents a machined length of 26 mm. Tool failure occurred in both oil concentration cases, starting with the chipping of the corners; then, the edges chipped, and finally, the tool body fractured. This can be attributed to insufficient lubrication, which failed to compensate for the friction generated on the contact surface of the tool and workpiece due to the large depth of cut, leading to heat buildup that softened the tool edge and initiated premature tool failure. As the tool broke at both oil concentrations, the axial depth of cut was reduced to 4 mm.



The evolution of the cutting force components and the calculated cutting force as a function of the machining time for an axial depth of cut of 4 mm are shown in Figure 5 and Figure 6. From the results, it can be seen that the highest cutting force was obtained at an oil concentration of 6%, and the highest vibrations were also obtained in this case, which can also be seen in the tool wear results in Figure 7 and Figure 8. The lowest cutting force occurred at an oil concentration of 12% and increased again at 15%, suggesting that the optimum oil concentration is 12%. This is because too high an oil concentration causes an oil coating to build up on the cutting edge, which increases the cutting-edge radius, as after a coating process. These results suggest that it is better to use a higher oil concentration, as the lubricating effect of the emulsion has a greater influence on the cutting force. However, an oil concentration of 6% is to be avoided, which is interesting because the industry does not go above this level to reduce costs.




3.2. Tool Wear


Microscopic images of the tool are shown in Figure 7, and the results of the flank wear as a function of oil concentration are shown in Figure 8. For each of these oil concentrations, the edge in the worst condition is shown. The highest tool wear is observed at 6% oil concentration and the lowest at 12% oil concentration, which is related to the cutting forces. The dispersion of tool wear is also highest at 6% oil concentration. This is important because the dispersion is an indication of how even or how different the wear on the edges is. This large variance at 6% oil concentration indicates that one edge is more worn than the other edges, which is typically the first step in the failure phase of machining these materials. As one edge initially wears more, or possibly cracks, causing the chip cross-section removed by the edge to decrease, the next edge must remove more material, which means that the edge load will be higher, causing it to wear and break more. This process goes along all the edges of the tool. At oil concentrations of 3% and 6%, minimal cracking along the edge is also observed along with wear. Increasing the oil concentration fundamentally reduces tool wear, as in water-based emulsion, there is more oil; thus, it can lubricate the contact surface of the workpiece and tool more effectively, resulting in a decrease in the abrasive effect of the metal carbides found in the material, since the surfaces can slide against each other. Furthermore, friction also decreases, resulting in lower heat generation in the machining zone, and thus the tool will be subjected to less heat load.




3.3. Surface Roughness


The average surface roughness (Ra) and main roughness depth (Rz) as a function of the oil concentration in flood cooling are illustrated in Figure 9. The results show that the oil concentration content of the flood cooling has no significant effect on the surface roughness. The surface roughness is mainly influenced by the different cooling–lubricating processes, process parameters, and tool geometry [1,61]. If surface modification or better surface roughness is required, it can be achieved with unconventional technologies such as Electrical Discharge Machining (EDM) [62].





4. Conclusions


This paper investigated the effect of the oil concentration of the flood cooling on the output parameters such as cutting force, tool wear, and surface roughness of the milled slots. The authors state the following conclusions:




	
The lowest cutting force at a 12% oil concentration of flood cooling, and the highest at the oil concentration of 6%, was observed. With the same noise filtering method, the highest fluctuation in the force signal is observed at 6% oil concentration, which is due to the higher vibration during machining.



	
Consistent with the trend in cutting force, the lowest wear was measured at an oil concentration of 12%, and the highest at 6%. Vibrations during machining have a negative impact on both tool wear and tool life.



	
The dispersion of the wear of five tool edges was calculated for an emulsion concentration of 6%, which shows that in this case, the wear of the edges was the most uneven, which accelerates the failure.



	
The surface roughness is not influenced by the oil concentration content of the flood cooling; it is influenced by the cutting parameters and tool geometry.



	
Increasing the oil concentration fundamentally decreases tool wear because in water-based emulsions, there is more oil available to lubricate the contact surface between the workpiece and the tool. This leads to a reduction in the abrasive effect of the metal carbides present in the material, as the surfaces can slide against each other more easily. Additionally, friction decreases, resulting in lower heat generation in the machining zone, thereby subjecting the tool to a reduced heat load. The choice of oil concentration has an even more significant effect at greater depth of cut, as shown in Figure 3 and Figure 4.








Further research is aimed at examining the relationship between the oil viscosity used in emulsion and the oil concentration during the milling of nickel-based superalloys.
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Figure 1. Factors affecting machinability. 
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Figure 2. Experimental procedure. 
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Figure 3. (a) Fx; (b) Fy; (c) Fz; and (d) F resulting cutting force as a function of machining time for an axial depth of cut of 8 mm. 
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Figure 4. Broken tool at 3% emulsion concentration. 
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Figure 5. (a) Fx; (b) Fy; (c) Fz; and (d) resulting cutting force as a function machining time for an axial depth of cut of 4 mm. 
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Figure 6. Main cutting force as a function of oil concentration. 
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Figure 7. Microscopic images of the tools used at (a) 3%; (b) 6%; (c) 9%; (d) 12%; and (e) 15% oil concentrations. 
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Figure 8. Tool wear as a function of oil concentration. 
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Figure 9. Average surface roughness (Ra) and main roughness depth (Rz) as a function of the oil concentration. 
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Table 1. Experimental parameters for slot milling.






Table 1. Experimental parameters for slot milling.





	Cutting Speed

vc (m/min)
	Feed per Tooth

fz (mm/tooth)
	Depth of Cut

ap (mm)
	Oil Concentration

(wt. %)





	21
	0.01
	firstly, 8 mm

after breaking after the whole experiment, 4 mm
	3; 6; 9; 12; 15










 





Table 2. Chemical composition of GTD-111.
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	Ni

(wt. %)
	C

(wt. %)
	Cr

(wt. %)
	Co

(wt. %)
	Al

(wt. %)
	Ti

(wt. %)
	W

(wt. %)
	Mo

(wt. %)
	Ta

(wt. %)
	B

(wt. %)





	62.37
	0.06
	13.7
	9.0
	2.8
	4.7
	3.5
	1.4
	2.4
	0.05










 





Table 3. Mechanical properties of GTD-111.
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	Tensile Strength

Rm (MPa)
	Stretch

A5 (%)
	Contraction

Z (%)
	Hardness

HRC





	1310
	8
	5
	41.4










 





Table 4. Physical properties of GTD-111.
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	Density

ρ (kg/m3)
	Thermal Conductivity at 20 °C

λ (W/m·K)
	Specific Heat at 20 °C

c (J/kg·K)





	8000
	12.56
	0.452 × 103
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