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Abstract

:

The significant effect of the dressing process on the surface of the grinding wheel (GW) and the need to provide an optimal dressing condition are the requirements of reduction machining time and energy consumption in the sustainable grinding process. In this study, for the first time, the results of changes in the parameters of the dressing process and changes in the topography of the grinding surface on the surface roughness of the Inconel 738 have been presented using single-edge and four-edge diamond dressers. The use of minimum quantity lubrication (MQL) and wet condition are other variables in this study to reduce the consumption of cutting fluid and prevent its destructive effects on the environment. The results indicate that the MQL technique increases the grinding performance of Inconel 738 by reducing ground workpiece surface roughness and decreasing the coolant–lubricant consumption comparing to the conventional wet grinding process. Additionally, it has been found from the experimental results that applying a single-edge dresser generates finer topography on the grinding wheel and, consequently, has a better surface finish in the grinding process compared to the multipoint diamond dressing tool with the same dressing and grinding parameters. In other words, increasing the dressing feed rate during dressing of the grinding wheel using a multipoint dresser makes a finer wheel surface topography and as a result decreases the surface roughness of the ground workpiece compared to a single-edge dresser. With multipoint diamond tools, the grinding performance during the life of the dressing tool also tends to remain more consistent, which is a definite advantage in automated production. Therefore, application of a multipoint dresser leads to a reduction in dressing time and increased production capability.
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1. Introduction


Nickel-based superalloys are creep-resistant materials that work at high temperatures. These materials are used to manufacture hot parts for aircraft and rocket engines, gas and steam turbines, heat exchangers, and boilers. In these alloys, refractory and carbide-forming elements with high melting points, such as tantalum, molybdenum, cream, cobalt, and tungsten, and sedimentary phase elements, such as titanium aluminum, have been used. Superalloys are heat-resistant alloys based on nickel, iron, and cobalt that often operate at temperatures above 500 °C. By combining properties such as strength, creep resistance, fatigue strength, and corrosion resistance, they can work at high temperatures for long periods. The combination of high temperature resistance and resistance to oxidation and corrosion of these materials is unmatched by other metallic materials. For these reasons, superalloys are often used in hot parts of jet turbine engines, such as blades and combustion chambers, rocket engines, power plant turbines, heat treatment equipment, and chemical and petrochemical units. The metallurgical properties and microstructure, and chemical composition of these alloys affect their creep behavior [1,2]. The grinding of this material is always tricky due to its high strength and thermal resistance. Surface burns, GW wear, GW surface loading, and high-cutting fluid consumption are some of the grinding problems of this material [3,4,5,6,7,8].



Optimization of grinding surface topography is one of the most important challenges in industries in order to reduce chip loading on the grinding wheel surface and at the same time decrease the utilization of grinding coolant lubricant [8,9,10,11,12]. The topography of the GW and the geometry of the grain cutting edges are basic to cutting the parts. The topography of the GW surface, the geometry of the cutting edges, and variables such as the sort of bond and grain size are the work of planning the GW surface before grinding. After grinding, the scraped area of the grains and chips are stuck to the surface of the GW; in other words, stacking the GW, applying single-edge, multi-edge, sharpening and truing tools to move forward the grinding operation are unavoidable. When the tool hits the surface of the GW, the breakage of grains and chips connected to the GW surface leads to changes in topography and diminishes the stack on the GW. The feed rate of the dresser in the axial direction for each dressing pass of the GW is called the dressing pitch and is obtained from Equation (1) as follows [13]:


      S   d   =   π   d   s     V   f d       V   s        



(1)







So that Vfd is the feed rate of the dresser, Vs is the grinding wheel speed, and ds is the diameter of the GW. Therefore, the dressing tool follows a path that would appear to be cutting a thread on the abrasive grains with a pitch (lead), Sd. If the single-edge tool has a radius rd, the theoretical roughness created on the surface of the GW is obtained by Equation (2) as [13]:


      R   t s   =       S   d   2          8 r   d        



(2)







Equation (2) demonstrates how different factors affect the quality of a grinding wheel’s surface in a grinding process. A larger dressing lead (Sd) and a sharper dressing tool (smaller rd) tend to make the wheel surface rougher, while the dressing depth (ad) does not have an impact. The influence of the dressing lead on the grinding wheel’s surface has been confirmed through profiles of ground workpieces in [13]. In other words, the quality of grinding processes is significantly influenced by the preparation of the grinding wheel. This preparation involves achieving the required grinding wheel profile and creating the appropriate wheel topography, which affects the surface quality of the workpiece. The specific distribution of abrasive grains on the grinding wheel’s surface plays a crucial role in shaping its topography.



The topography of the grinding wheel plays a paramount role as an input parameter in the grinding process [14,15,16,17]. This topography can be affected by wear during grinding. Additionally, the dressing process involves active mechanisms such as grit breakage, bonding breakage, grit break-out from the bonding, or grit deformation [18,19,20,21,22]. Table 1 provides a concise summary of the research background related to the dressing process. Despite its significant impact on grinding performance, the setup of the dressing process is frequently carried out through empirical or theoretical approaches, utilizing both single-point diamond stationary dresser tools and rotary diamond dressers in dry and wet grinding processes.



Traditional coolant lubricants (petroleum-based fluids) contain chlorine, phosphorus, and sulfur compounds. These compounds are harmful to the environment and humans. These cutting fluids lead to operators’ skin, respiratory, and sometimes gastrointestinal diseases. Another issue is the nondegradability of these fluids in the environment. Using a cutting fluid nozzle that can adjust the flow rate and deliver cutting fluid effectively into the cutting zone is one of the traditional methods of cooling and lubricating. The traditional method of delivery of the coolant lubricant to the machining zone is also called wet (fluid) machining. Environmental issues and problems have increased the desire of industrialists and production researchers to eliminate cutting fluid from manufacturing processes. For a long time, much advantage has been derived from machining without utilizing cutting liquids or using a minimum amount of coolant lubricant. When no cutting fluid is used as a coolant lubricant in the machining process, it is called dry machining. When the minimum amount of cutting fluid is utilized in the cutting zone, it is called semidry machining or minimum quantity lubrication (MQL) machining. Dry machining is the best arrangement environmentally. Dry machining has benefits such as no air pollution, no problems with cutting fluid disposal, and reduced risk to operator health. However, in dry machining, conditions must be met to compensate for the initial tasks of the cutting fluid, including lubrication, cooling, and chip removal from the cutting zone. In MQL machining a minimal amount of lubricant is sprayed into the machining zone. This method has been developed as an alternative to dry and conventional wet machining techniques. In MQL machining, the cooling medium is a mixture of air and oil sprayed so that the suspended oil droplets are dispersed in the air jet and sprayed periodically to the cutting zone. Small droplets of oil are transported directly by air to the tool-workpiece contact zone, and both cooling and lubricating are performed. Table 2 shows the research background in applying the MQL technique during grinding processes. The literature review shows the lack of study on the effects of stationary dresser types as well as the grinding wheel surface topography on grinding performance in minimum quantity lubrication-MQL grinding of Inconel 738.



Henceforth, to delve into the enhancement of MQL performance in the grinding of Inconel 738, this study pioneers the exploration of the impacts of dressing parameters and grinding wheel topography. In essence, the investigation involves altering dressing methods, dressing depth, and dressing speed while preparing vitrified Al2O3 grinding wheels with two distinct stationary dressing tools: single-point and four-point diamond dressers. Subsequent to the dressing of these grinding wheels, machining tests were carried out to assess the effects of wheel topography and the types of coolant lubricants on grinding performance. Performance parameters under scrutiny encompassed workpiece surface quality and wheel loading. These tests were conducted under both fluid-based and MQL conditions.




2. Materials and Methods


In order to perform the grinding process, a Prompt 300–1000 grinding machine-TAICHUNG City-Taiwan was used. Also, a precise table with a screw and nut mechanism was used to provide a variety of dressing feed rates during preparing and dressing process. The experimental set up and values were chosen based on the preliminary tests and the data collected from turbine blade manufacturer. Figure 1 shows the schematic of the experimental setup.



The system used to regulate the MQL was a custom-made setup that generated an air envelope, functioning as the mixing chamber, through the Venturi effect. Figure 2 shows the MQL nozzle and experimental set up for this study. One of the most important factors that should be considered in the grinding process with minimum lubrication is the position of the MQL nozzle relative to the grinding area. According to primary experiments, the MQL spray distance to contact zone (d) and the horizontal angle of the MQL nozzle to the workpiece (α) have been set as 80 mm and 20°, respectively. A summary of the experimental configuration and grinding parameters can be found in Table 3. Prior to each experiment, the grinding wheel underwent three dressing cycles with varying dressing conditions, which are also detailed in Table 3. The material properties of Inconel 718, employed in this investigation, are provided in Table 4. The workpiece’s surface roughness was quantified using a Mahr Surf PS1 Model-Germany, a portable roughness measurement device, employing a cut-off length of 0.8 mm in accordance with DIN EN ISO 3274:1998 standards [36]. After each test, Rz values were obtained at five distinct locations along the grinding direction to characterize the ground surface. Surface morphology and chip loading were examined using a digital microscope (DigiMicro, manufactured by DNT Company, Redditch, UK) capable of magnifying up to 200 times. Furthermore, images of chips and grains isolated from the grinding surface were scrutinized through an optical microscope from Optimums-Germany.




3. Results and Discussion


3.1. Grinding of Inconel 738 Using Single-Edge Diamond Dresser


Figure 3 shows the size distribution of particles removed by a single-edge diamond dresser under different conditions. Also included for comparison is the average particle-size distribution of the original 60 grit monocrystalline aluminum oxide used in manufacturing these wheels. It can be found from this figure that the coarser grains are collected at a depth of dressing of 10 µm. Larger grain sizes indicate the formation of a rough structure on the surface of the GW. Figure 4 shows wheel topography after different dressing conditions. As depicted in this figure, it is evident that an increase in dressing depth and feed rate leads to the creation of a rough surface topography on the GW, resulting in higher surface roughness on the machined workpiece surface. While bond fracture primarily governs the number of potentially active grains remaining on the wheel surface, the actual shape and condition of these grains are predominantly influenced by grain fracture, which operates on a much finer scale, and even by plastic deformation [20].



Workpiece surface roughness values (Figure 5 and Figure 6) indicate that the MQL technique in gridding of Inconel 738 has significant effects on the grinding performance, while reducing the consumption of the cutting fluid from 4 L per minute to 200 mL per hour. In addition, increasing lubrication and increase in elastic-plastic deformation under the cutting edge of the abrasive grain results in decreasing the chip thickness and consequently lead to a reduction in surface roughness. On the other hand, by increasing the dressing feed and generating a coarse topography on the grinding wheel surface, the ground workpiece surface roughness increased. One of the factors increasing the workpiece surface roughness is the penetration of more grains into the workpiece. Increasing the table speed during grinding will result in penetration of more grains, which is shown in Figure 5 and Figure 6 for different machining conditions.



Surface morphology of ground workpieces and abrasive grain loading and chip morphology under different dressing and grinding conditions by applying a single-edge dresser are shown in Figure 7 and Figure 8. Wheel surfaces with less loading of GWs in the conventional fluid grinding are essential and effectively reduce the number of required dressing processes in wet grinding operations. Due to the higher convection heat transfer coefficient of conventional applications of cutting fluids in wet grinding, the grinding zone temperature is much lower than that in MQL grinding, which results in melting of the chips and adhering to the GW surface in the MQL technique. As a result, the chip loading density on the GW surface is lower in wet grinding compared with MQL grinding. Due to the higher fluid flow rate in wet grinding and, consequently, better chip removal from the grain surfaces and the porosity of the GW, the GW loading is also lower in wet grinding than chip loading in the MQL technique.




3.2. Grinding of Inconel 738 Using Four-Edge Diamond Dresser


Figure 9 and Figure 10 compare the average surface roughness across the grinding direction for different wheel topographies and coolant–lubricant types when a four-edge diamond dresser has been used to prepare GW. As indicated by Equations (1) and (2), an increased dressing feed rate is associated with a coarser surface on the grinding wheel, while the dressing depth is seemingly unaffected. Furthermore, coarser dressing of the wheel typically leads to lower grinding forces and rougher workpiece finishes, whereas finer dressing results in higher forces and smoother workpiece surfaces. Figure 5, Figure 6, Figure 9 and Figure 10 illustrate that among the two dressing methods and various dressing and grinding parameters, the dressing feed rate exerts a considerably greater relative impact on grinding performance when compared to the dressing depth. However, Figure 9 and Figure 10 show that by decreasing the dressing feed rate lower than values of 213 mm/min (in soft dressing conditions), the ground surface roughness increases significantly. Accordingly, additional experiments were performed at depths of dressing of 2 and 20 µm as reported in Figure 11 and Figure 12 for single and four edge dressers, to examine and verify the results of Figure 5, Figure 6, Figure 9 and Figure 10 for lower and higher dressing depths. Although bond fracture primarily governs the number of potentially active grains remaining on the wheel surface, the shape and condition of these grains are predominantly influenced by grain fractures on a much smaller scale and, in some cases, even by plastic deformation. Despite the inherent brittleness of conventional ceramic grain materials, they can still undergo plastic deformation during dressing, as evident from the micrograph images of the GW surface. To compare the effect of single-edge and four-edge dressers on the morphology of the wheel surface, the images of the wheel surface after dressing are shown in Figure 13. In this particular scenario, both the dressing lead and dressing depth were relatively modest. When using a single-edge dresser, there is minimal deformation, and the grains exhibit a higher degree of fragmentation. In a broader context, both grain fracture and plastic deformation are significant factors. Conversely, when employing a four-edge dresser, localized plastic flow causes some grain tips to flatten and become smoother, rather than fracturing away. In Figure 13, the glossy wear surfaces on the grain tips represent grain flattening due to plastic deformation. Anyway, sharper fractured grains, which are achieved by a single-edge dresser, cause more active grains on the GW surface, which reduces surface roughness on the ground surface. It has been shown that more grain flattening achieved by a four-edge dresser generally results in increased grinding forces and rougher workpiece finishes. Figure 11 shows that by reducing the dressing depth in a single edge dresser, more grain flattening will be generated on the wheel surface, which results in increasing ground workpiece surface roughness. But by increasing the dressing feed, the surface roughness will be reduced, as the material removal rate in dressing processes increased and the sharpening and fracture of more grains will be achieved. Figure 12 indicates that by increasing the material removal rate in four-edge dressers by increasing dressing depth, a finer surface finish will be generated on the workpiece surface, as the grain fracture and sharpening will occur more in comparison to grain flattening and grain plastic deformation. The improved surface finish achieved through the application of the MQL technique is likely attributable to the enhanced lubrication of abrasive grains at the interface between the workpiece and the wheel. This enhanced lubrication facilitates smoother sliding of the chips over the tool surface, ultimately leading to a superior surface finish.



Therefore, not only the dressing feed but also the depth of dressing has significant effects on dressing performance. In addition, the dressing feed and depth behave differently on the dressing performance when using single-point or multi-point diamond dressers. The experimental results show that during grinding of Inconel 738 using a single-point dresser and a very fine dressing operation by reducing the dressing depth lower than 2 µm increases surface roughness, but applying a four-point dresser and a very fine dressing operation by reducing dressing depth and feed rate lower than 20 µm and 213 mm/min, respectively, increases surface roughness.



Figure 14 displays the surface morphology of the GW and the resulting chips when subjected to various wheel dressing conditions and types of coolant lubricants, all utilizing a four-edge dresser. This figure illustrates that the lowest chip loading occurs in wet grinding, thanks to the abundant cutting fluid, ensuring adequate fluid for efficient chip removal. Furthermore, during wet grinding, the workpiece temperature remains lower compared to grinding with the MQL technique, primarily due to the higher convection heat transfer coefficient of the fluid compared to MQL oil mist. Consequently, chips with lower temperatures are less likely to adhere to the wheel. Chips produced under fluid conditions tend to be predominantly long, thin, and lamellar, indicating that the chip formation mechanism is primarily influenced by lower temperatures. In contrast, the MQL technique yields various chip types, suggesting that the chip formation mechanism involves higher temperatures than in fluid-based grinding. When grinding with finely dressed wheels, the chips tend to fuse together due to elevated grinding forces and temperatures. Additionally, coarse dressing of the wheel results in fewer instances of chip loading compared to finely dressed wheels, attributed to the greater gaps between the grains.



Figure 15 shows the surface morphology of the ground specimens under MQL and wet conditions using a four-edge dresser under very soft dressing conditions at a dressing depth of 2 µm and two dressing speeds of 50 mm/min and 600 mm/min. These conditions are the critical conditions, which have inverse effects on the surface roughness that increased by reducing the depth of dressing the ground surface roughness. Figure 15 reveals that during the MQL grinding of Inconel 738 with very low material removal through fine dressing, several characteristics are evident on the ground surface, including plastic deformation, side flow, and thermal damage, such as the strong adhesion of chips to abrasive grains, wheel loading, and redeposition. These characteristics suggest that the primary mode of material removal is low shearing, accompanied by severe rubbing due to wear flats on the abrasive grains. Additionally, the figure illustrates the prevalence of ploughing and plastic deformation as the predominant modes of material removal. Conversely, surfaces subjected to wet grinding display fewer such defects, particularly a lack of plastic deformation. This observation suggests reduced chip loading on the wheel surface and a lower temperature in the grinding zone. Ground surfaces studied at a higher material-removal dressing process (coarse dressing) by increasing dressing speed indicate better surface quality on the ground surface and lower surface defects.





4. Conclusions


In the present study, for the first time, the effects of single-point and multi-point diamond dressing tools on the grinding performance of Inconel 738 have been investigated using MQL and conventional wet techniques. The most important results of this study are as follows:




	
The grinding efficiency in the MQL technique is due to the combined effects of lubrication and the appropriateness of the wheel and workpiece combinations, which are comparable to conventional wet grinding.



	
The grinding wheel surface topography has an important influence on the grinding process and it can be managed by the appropriate selection of depth of dressing and dressing speed. One of the significant results obtained in the present study is that soft dressing by decreasing the dressing material removal rate (reducing dressing depth and feed rate) will not always reduce the workpiece surface roughness. A very fine dressing process with a low material removal rate during dressing generate more grains flattening and reduce the number of active grains on the wheel surface, which increases chip loading on the wheel surface and results in more friction, sliding and plowing of grains on the workpiece surface during the grinding process.



	
Chip loading on the grinding wheel surface is one of the most critical parameters in the grinding process. Changes in dressing depth and feed rate, workpiece feed rate, and the coolant–lubricant environment can affect the amount of wheel surface loading. Due to low cutting fluid flow in the MQL technique, chip loading is significant. By rough dressing, due to the increase in depth and feed rate of the dresser, the space between the grains increases and the deposition decreases.



	
It is possible to generate surface roughness close to single-edge dressers by increasing the dressing feed rate in a four-edge dresser application while preparing the GW surface before grinding. In this case, increasing the dressing feed rate reduces dressing time and increases production capability. In addition, the lifetime of four-edge dressers is much longer than single-edge dressers.
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Abbreviations




	     V   d     
	dressing feed rate (mm/min)



	     a   d     
	dressing depth (µm)



	     a   e     
	depth of grinding (µm)



	     V   f t     
	table speed (m/min)



	     V   s     
	grinding wheel speed (m/s)



	     S   d     
	dressing pitch (mm)



	     R   t s     
	theoretical roughness (mm)



	Rz
	the average maximum peak to valley of five consecutive sampling lengths within the measuring length (µm)



	     r   d     
	dresser radius (mm)



	     d   s     
	grinding wheel diameter (mm)



	GW
	the grinding wheel



	MQL
	the minimum quantity lubrication



	SEM
	the scanning electron microscope
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Figure 1. Schematic of the dressing and grinding process. 
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Figure 2. Experimental set up. 






Figure 2. Experimental set up.
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Figure 3. (a) grain size distribution of particles removed by single-point dressing measured using Image J 1.52v software, (b) grains obtained after dressing depth of 10 µm, (c) grains obtained after dressing depth of 5 µm; (the average diameter of the original grain is included for comparison); Vd = 420 mm/min (magnification ×500). 
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Figure 4. Wheel surface topography after different dressing conditions using single-edge diamond dresser (magnification: 200×). 
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Figure 5. Workpiece surface roughness vs. dressing speed for dressing depth of 5 µm and single-edge dresser after (a) MQL grinding, (b) wet grinding. 
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Figure 6. Workpiece surface roughness vs. dressing speed for dressing depth of 10 µm and single-edge dresser after (a) MQL grinding, (b) wet grinding. 
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Figure 7. Surface morphology of ground workpieces and chip loading using single-edge dresser and (a) MQL grinding, (b) wet grinding (ae = 30 µm, Vc = 47 m/s) (magnification: 200×). 
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Figure 8. Chip loading and chip morphology using single-edge dresser and (a) MQL grinding, (b) wet grinding (ae = 30 µm, Vc = 47 m/s, Vft = 4.5 mm/min) (magnification: 200×). 
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Figure 9. Workpiece surface roughness vs. dressing speed for dressing depth of 5 µm and four-edge dresser after (a) MQL grinding, (b) wet grinding. 
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Figure 10. Workpiece surface roughness vs. dressing speed for dressing depth of 10 µm and four-edge dresser after (a) MQL grinding, (b) wet grinding. 
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Figure 11. Workpiece surface roughness vs. dressing speed for dressing depth of 2 µm and different coolant–lubricant conditions after dressing by (a) single-edge dresser, (b) four-edge dresser. 
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Figure 12. Workpiece surface roughness vs. dressing speed for dressing depth of 20 µm and four-edge dresser after MQL and wet grinding. 
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Figure 13. Detailed wheel surface topography, chip loading and workpiece surface morphology after grinding using single-edge and four-edge dressers in wet grinding of Inconel 738 with Vft = 15 m/min, ae = 30 µm and Vc = 47 m/s (magnification: 200×). 
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Figure 14. Surface morphology of ground workpieces, chip loading and chip morphology using four-edge dresser in MQL and wet grinding conditions (ae = 30 µm, Vc = 47 m/s and Vft = 4.5 m/min) (magnification: 200×). 






Figure 14. Surface morphology of ground workpieces, chip loading and chip morphology using four-edge dresser in MQL and wet grinding conditions (ae = 30 µm, Vc = 47 m/s and Vft = 4.5 m/min) (magnification: 200×).



[image: Processes 11 02876 g014a][image: Processes 11 02876 g014b]







[image: Processes 11 02876 g015] 





Figure 15. Surface conditions and SEM analysis of surfaces obtained when (a) MQL grinding and (b) wet grinding of Inconel 738 with four-edge dresser and ad = 2 µm, Vft = 4.5 m/min, ae = 30 µm and Vc = 47 m/s. 
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Table 1. Grinding wheel dressing research background.
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	Investigator
	Year
	Research Condition
	Results





	Pande et al. [14]
	1979
	Effects of dressing parameters on GW performance
	Achieve optimal mode for dressing feed and depth



	Li et al. [15]
	2006
	Wear of diamond GWs in grinding of silicon nitrides
	The importance of sharpening in diamonds as well as providing the optimal mode of dressing depth for silicon nitride



	Linke et al. [16]
	2010
	Temperature and wear mechanism in dressing of vitrified bonded GWs
	Diamond dressers’ wear mechanism and factors and their effect on ground surface roughness



	Daneshi et al. [17]
	2014
	Effects of dressing parameters on internal grinding
	Investigation of the effect of GW diameter and dressing method on roughness and geometrical form and quality of holes in the grinding process



	Klocke et al. [18]
	2008
	Mechanisms in the generation of GW topography by dressing
	Investigating of the effect of dressing and GW structure on the formation of workpiece surface defects and roughness



	Deng et al. [19]
	2019
	A review on dressing strategies of super abrasive GWs
	Offering a variety of different methods of GW dressing



	Hadad et al. [20]
	2016
	Investigation of the effects of dressing and wheel topography on grinding process using different coolant–lubricant conditions
	Effect of single point diamond dressing parameters on the roughness of the workpiece and reduction in cutting fluid consumption



	Moreno et al. [21]
	2020
	Friction improvement by GW texturing using dressing process
	Produce different GW surface topography in a controlled dressing process to reduce friction coefficient



	Zhou et al. [22]
	2019
	Dressing technology of arc diamond wheel by roll abrading in aspheric parallel grinding
	Improve dressing and grinding performance of arc diamond wheels
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	Investigator
	Year
	Research Condition
	Results





	Hoffmeister et al. [23]
	1998
	100Cr6 (60HRC) and application of liquid nitrogen with MQL with ester oil and corundum GW with vitrified bond
	Reduction of forces, reduction in roughness, reduction in GW wear



	Baheti et al. [24]
	1998
	AISI 52100 (60HRC) using ester oil and corundum GW with vitrified bond
	Reduce specific power and energy, reduce GW wear, increase roughness



	Tönshoff et al. [25]
	1994
	16MnCr5 (58HRC) and application of ester oil and corundum GW with vitrified bond and comparison with conventional wet grinding with mineral oil
	Reduction of grinding forces, an increase in roughness



	Brockhoff et al. [26]
	1998
	16MnCr5 (58HRC) and application of ester oil and corundum GW with vitrified bond
	Increased roughness and grinding forces, applicability in Qw < 5 mm3/mm·s



	Klock et al. [27]
	1997
	16MnCr5 (58HRC) and application of ester oil and corundum GW with vitrified bond
	Reduction of grinding forces, an increase in roughness, and type of coolant/lubricant has effects on performance.



	Hafenbraedl et al. [28]
	2000
	AISI 52100 (60HRC) and application of ester oil and internal cylindrical grinding and corundum GW with vitrified bond
	Reduce specific power and energy, reduce GW wear, increase roughness



	Silva et al. [29]
	2005
	ABNT4340 (60HRC) and application of vegetable oil and corundum GW with vitrified bond and CBN GW
	Reduction of tensile residual stress on the surface, reduction in force and roughness



	Tawakoli et al. [21]
	2010
	100Cr6 and SG corundum GWs with vitrified and resin bond
	Reduction of roughness, grinding forces, increase in efficiency, effective lubrication by choosing the right type of coolant–lubricant GW



	Shen et al. [29]
	2008
	Dura-Bar 100-70-02 ductile iron (50HRC) and corundum GW with vitrified bond and CBN GW with vitrified bond and application of Nano-fluids in grinding
	Reduction of forces and roughness and GW wear, increase in lubrication property



	Lee et al. [30]
	2010
	SK-41C (Tool Steel), CBN GW, use of MQL with Nano-fluids (diamond and paraffin nanoparticles)
	Reduction of grinding force and roughness of the workpiece compared to MQL and dry, positive effect of nanofluid used on surface quality



	Hadad et al. [31]
	2012
	Hardened (100Cr6) 2 ± 50 Rockwell C, Al2O3 GW grinders (89A60I6V217, 89A36I8V217), and application of Hacoform20–34 oil
	Reduce force and roughness by increasing the oil flow rate and air pressure and the optimal nozzle distance to the grinding area



	Mao et al. [32]
	2014
	Use vegetable oils (soy, palm, and canola), liquid paraffin
	Nanofluid with palm oil and molybdenum disulfide particles has the best lubrication properties, the best choice for proper heat transfer and lubrication performance



	Rabiei et al. [33]
	2014
	Use of mild steels (CK45, S305) and hard steels (HSS, 100Cr6), Al2O3 GW grinders, MQL, Dry, Wet conditions,
	MQL in both types of steel causes a reduction in grinding force and coefficient of friction, better surface quality in hard steels and poor surface quality in soft steels



	Setti et al. [34]
	2015
	Ti-6Al-4V, GC60K5V GW, use of nanofluids (water with Al2O3 nanoparticles and water with CuO nanoparticles) with different concentrations for MQL
	Reduction of friction, tangential force, grinding zone temperature, formation of c-shaped chips



	Hadad et al. [35]
	2020
	A novel approach to improve environmentally friendly machining processes using ultrasonic nozzle–minimum quantity lubrication system
	Improve droplet size and distribution and spray performance, improve surface quality










 





Table 3. Grinding conditions.






Table 3. Grinding conditions.





	Type of Grinding Process
	Flat Grinding





	Grinding wheel
	Al2O3 (WA60K9V), Vitrified band, outer diameter: 450 mm



	Surface grinding machine
	Surface grinding machine MST-300-1000



	GW rotational speed
	2000 RPM



	GW speed (vc)
	vc = 47 m/s



	Table feed rate (vft)
	vft = 4.5–15 m/min



	Grinding depth of cut (ae)
	ae = 30 µm



	Grinding environment
	Cutting fluid, MQL (air-oil mixture)



	Fluid used in grinding with cutting fluid and dressing operation
	Water-soluble oil with a concentration of 5%



	Cutting fluid flow rate in wet grinding
	4 L/min



	Oil flow rate in MQL grinding
	200 mL/h



	Air pressure in MQL grinding
	5 bar



	MQL oil
	Vegetable oil



	MQL oil viscosity (at 20 °C)
	84 cP



	MQL nozzle horizontal distance to GW
	80 mm



	Workpiece
	Inconel 738 (16 × 40 × 200 mm)



	Dressing tool
	Single-edge, four-edge diamond tools



	Dressing depth (ad)
	ad = 2, 5, 10, 20 µm



	Dressing feed rate (vd)
	vd = 50, 85, 213, 420, 600 mm/min



	Dresser attack angle (αd)
	αd = 10°



	Number of dressing passes
	Ndt = 3










 





Table 4. Material properties of Inconel 718 [8].
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	Density (kg/m3)
	Young’s Modulus (GPa)
	Poisson’s Ratio
	Thermal Conductivity (W/(m K))
	Thermal Expansion Coefficient (K−1)
	Specific Heat (J/(kg K))
	Shear Modulus (GPa)





	8220
	208
	0.3
	11.4
	1.3 × 10−5
	203
	67.8
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