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Abstract
High production rate of the machining industry is the need of the hour for the industry to meet the demand and improve its 
profits. However, to meet the need for a high production rate, the machining parameters such as feed, speed, and depth of cut 
should be kept high. The machining at high parameters results in the generation of high temperatures at the machining zone, 
which damages the tool as well as the workpiece surface. In order to control this temperature, cutting fluids are used by the 
machining industry in large amounts. However, these cutting fluids are toxic and the use of these cutting fluids deteriorates 
the environment and adds to the cost of production. Moreover, the sticker environment regulations for the use of cutting fluids 
need to be reduced. In order to address this problem, researchers have investigated various cooling lubrication techniques 
and have concluded that minimum quantity lubrication (MQL) technique can address this problem to a large extent. The 
present paper includes reviews of various environment-friendly lubrication techniques with a special focus on MQL. The 
performance of MQL technique in various machining operations such as drilling, milling, turning, etc. has been reviewed 
with a special focus on grinding operations. Efforts are made to summarize the findings of previous studies. Moreover, tech-
nological improvements in the MQL technique by the use of nanoparticles and vegetable oils have also been included. The 
present paper also highlights the challenges faced in the application of MQL technique and the future scope of the technique.
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1 Introduction

The term "manufacturing" refers to the method of producing 
a product. Various manufacturing processes shape metals 
into useful shapes. Metal machining is the method of remov-
ing unnecessary material from a workpiece using a cutting 
tool in order to achieve the desired form. Machining tools 
have been around for a long period and have played a vital 
role in the engineering revolution's progress [1–3]. Ingarao 

et al. [4] stressed that modern industry considers developing 
manufacturing processes in accordance with cleaner produc-
tion standards to be a critical problem. These requirements 
must be met while maintaining production rates, product 
quality, and avoiding added costs. The developing interest 
for higher efficiency, item quality, and by and large economy 
in assembling by machining, especially to address the diffi-
culties tossed by advancement and worldwide expense inten-
sity, demands high material removal rate with longer tool 
life. However, P. Leskover [5] described that hard material 
machining produces a lot of heat in the cutting field at high 
cutting speed. The heat generated at the machining zone 
raises the cutting temperature, reducing the cutting tool's 
life. It also has a detrimental influence on the material of 
the workpiece by creating residual stresses. As a result of 
these high cutting stresses, micro-cracks form, making the 
work material more susceptible to oxidation/corrosion [6].

Cutting fluids are the common substance used worldwide 
in metal machining processes to increase tool life, work-
piece size precision, and surface quality. Cutting fluids are 
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the cooling medium that, when applied correctly, can boost 
efficiency by permitting faster cutting parameters [7]. Major 
types of cutting fluids used for cooling–lubrication purposes 
are based on mineral oils. Moreover, chemicals like sulphur, 
chlorine, phosphorous, etc. are added to these oils to further 
enhance their lubricating properties. These chemicals are 
harmful to the environment. Cutting fluids are made from 
mineral oils that can pollute the atmosphere if improperly 
treated, causing harm to soil and water supplies. Operators 
are also affected by the negative effects of cutting fluids on 
the shop floor, such as skin and respiratory issues. To com-
ply with strict environmental laws, cutting fluids must be 
treated properly. Many studies have attempted to reduce the 
use of cutting fluids due to the harmful effects of cutting 
fluids [8]. Cutting fluids can be more costly than cutting 
equipment in some machining operations. Any corporation 
would benefit from a reduction in the use of cutting flu-
ids [9]. The most common technique of applying cutting 
oils is to flood the cutting area. Cutting fluid consumption 
is high, normally several litres per min., resulting in sub-
stantial increases in disposal costs, handling, and purchase. 
Cutting fluids are employed to minimize friction by lubrica-
tion, which is a tribological phenomenon that occurs at the 
contact between the contacting pairs in cutting operations. 
Cutting fluids are often used to dissipate the heat from the 
machining area. Cutting fluids also help to wash the chips 
out of the machining environment [10, 11]. Metal working 
fluids (MWFs) have a lot of benefits, but they also have a 
lot of disadvantages. The presence of microbial masses, 
especially endo-toxin, on the shop floor is caused by bacte-
rial growth in cutting fluids. Coolants used in the past were 
non-biodegradable and contaminated the atmosphere [12].

With sticker regulations in place to protect the environ-
ment and workers' health, efforts are made to develop new 
machining techniques that can increase lubricant tribological 
efficiency without the use of harmful additives. Researchers 
looked at alternatives such as dry machining and the mini-
mum quantity lubrication (MQL) technique [13] to establish 
environmentally friendly cutting fluids [14]. Dry machining, 
or machining without the use of coolants, is an option for 
lowering manufacturing costs. In dry machining, the friction 
between the tool and the workpiece is strong, causing a rise 
in temperature, which increases tool wear and dimensional 
inaccuracies. Dry cutting rates are only suitable at low cut-
ting speeds, resulting in a low output rate to extend tool life 
[15]. Moreover, chip forming, which can lead to oxidation of 
the machined surface, cannot be washed away. Furthermore, 
difficult-to-machine materials produce high temperatures in 
the machining zone, which must be managed. As a result, it 
is difficult to exclude cutting fluid from certain machining 
processes [16].

The implementation of minimum quantity lubrica-
tion (MQL) systems will mitigate the limitations of dry 

operations. MQL is defined as a technique in which small 
quantity of cutting fluid with compressed air is directed to 
the machining zone, reducing the high flow rates of tradi-
tional flood cooling applications [17]. MQL refers to the 
method of using the smallest amount of lubricant fluid avail-
able in a machining operation [18].

Grinding is traditionally regarded as the final machining 
operation to produce smooth surfaces. For precision machin-
ing of the part, no process can compete with grinding [3]. 
Grinding is an abrasive machining method that removes 
material by rubbing the abrasive grain against the workpiece 
[19]. Grinding operations can be classified as surface grind-
ing, cylindrical grinding, chuck type grinding and centre 
less grinding.

2  Grinding operation

Grinding is one of the vital machining processes in which 
high heat is produced at the wheel–workpiece interface. 
Grinding operation is a significant material removal pro-
cess used in industries, as almost everything that we use 
needs grinding at some stage during its manufacturing [20]. 
Grinding is usually regarded as the final stage of operation 
to produce smooth surfaces. For the precision machining 
of the part, no process can compete with grinding [3, 21]. 
Grinding is an abrasive cutting process in which extra mate-
rial is removed by the interaction of the abrasive grains with 
the work material [19]. Mostly, in grinding the material is 
removed in a very small amount during the operation by 
shear deformation [22, 23]. In ancient times, grinding was 
the first process that was used by humans. Ancient humans 
used this technique to make weapons by rubbing two stones 
with each other. Nowadays, grinding wheels are used instead 
of stones. The surface grinding process is used to produce 
the smooth flat surface of the material. It helps in remov-
ing the impurities, oxide layer from the surface, impart-
ing a smooth fine surface finish, and bringing the material 
into its final size and shape before application. The wheel 
used to remove the material from the workpiece is known 
as ‘grinding wheel’. It consists of abrasives which are like 
sharp crystals, and they are held together with the help of 
a binding material or bond. Grinding wheels are available 
in a wide range of sizes with many types of grit [7]. Alu-
minium oxide or silicon carbide abrasives with vitrified or 
resin bonds are the most commonly used wheels nowadays. 
The surface grinding process is mainly used to machine 
very hard materials such as dies steel tools and hardened 
steel materials. Surface grinder includes the abrasive wheel 
(tool), reciprocating table, and chuck to hold the workpiece 
[15]. In this process, the rotating grinding wheel consists of 
abrasives with a large number of cutting edges of abrasives 
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which removes material from the surface of the material as 
shown in Fig. 1.

Nowadays, the surface grinding process is used for the 
following [24]: removing small amount of material from 
the workpiece and bringing it within the tolerance limit, 
and to obtain the required surface quality of the work-
piece. Moreover, many times, it is used to machine very 
hard materials which are difficult to machine by some 
other tool materials like high-speed steel tools (HSS) 
and carbide cutters. In addition, surface grinding is also 
widely used for shaping and sharpening the cutting tools 
[24]. The grinding process can be categorized into two 
categories according to the amount of material removed: 
Rough grinding: Rough grinding of material is done when 
a large amount of unwanted material is removed from the 
surfaces of the weldments, castings, forgings, etc. Preci-
sion grinding: In precision grinding, higher-dimensional 
accuracy is required, and the material is removed in a very 
small quantity. Almost every part manufactured on the 
shop floor required grinding operation for it to be useable 

[25]. Various elements of grinding tribology are grinding 
wheel, workpiece, cutting fluid, etc. As shown in Fig. 2, 
the three significant actions performed by the wheel grains 
are cutting, ploughing, and rubbing. The thermo-mechan-
ical process occurring at the grinding zone depends upon 
the tribological relationship between the wheel and the 
workpiece. These thermo-mechanical processes play an 
essential role in reducing the friction and temperature of 
the grinding zone [26]. The high heat dissipation at the 
grinding zone causes thermal damage to the workpiece 
at the grinding zone [27]. The grinding process produces 
a lot of heat, which necessitates a lot of cutting fluids to 
keep the cutting zone cool [28]. In the grinding process, 
when the high-speed rotating grinding wheel touches the 
workpiece, it deforms the material due to shear force and 
removes the material. Due to friction between the grinding 
wheel and the workpiece, a large amount of heat is gener-
ated. This excessive heat generated may be the prominent 
reason for decreasing the tool life and the quality of the 
surface finish of the workpiece. Therefore, it is necessary 

Fig. 1  Surface grinding opera-
tion

Fig. 2  Surface grinding tribol-
ogy
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to use coolant or lubricant to reduce the effect of heat and 
to control the localized heat generated [29].

Researchers found that much of the energy is lost during 
the grinding process in the form of heat produced due to 
the friction between the workpiece and the spinning grind-
ing wheel, and also concluded that the result of the process 
is adversely affected by the heat generated. Therefore, to 
dissipate the localized heat, the need for lubrication arises. 
Lubricants increase the tool's life and help in minimizing 
these adverse effects. During lubrication, when the lubricant 
is applied, it forms a sort of film between the rubbing sur-
faces, which prevents direct contact between the two mating 
surfaces. Lubricants to be used during the grinding process 
must have the following properties [30]: Thermal stability, 
hydraulic stability, high viscosity index, corrosion preven-
tion, demulsibility, and high resistance to oxidation. Lubri-
cation helps in the grinding operation as follows: reducing 
the friction between the tool and the workpiece; flushing 
the chips from the grinding zone; cooling the heating zone; 
increasing the machining accuracy.

While machining hard materials, lubricants are used to 
provide cooling in the cutting zone. Cooling techniques 
generally used in the surface grinding process include tra-
ditional flood cooling. A sufficient quantity of the right com-
position of the fluid is required to deliver at the point of 
cut or the grinding zone to achieve optimum performance 
during grinding or machining. It helps in the reduction in 
friction and cutting forces by making the film of oil on the 
workpiece surface. In flood cooling, a large amount of cool-
ant is used, approximately in the range of 50–500 L/hr. The 
use of lubricants in such a heavy and inefficient manner has 
negative technological, environmental, and economic conse-
quences that must be resolved or reduced in order to achieve 

energy-efficient and sustainable manufacturing. Many efforts 
have been made by researchers to develop new techniques 
that are helpful in the reduction in these harmful cutting 
fluids [31].

Cutting fluids are impossible to omit in machining pro-
cesses [7], because cutting fluids are very necessary for 
improving the life of the instrument, the accuracy of the 
workpiece's scale, and its surface finish in metal machin-
ing processes. Cutting fluids are used for lubrication of the 
machining zone to minimize friction, which is a tribological 
phenomenon and happens when the workpiece and instru-
ment are in contact. The heat generated from the cutting 
zone is also extracted by cooling cutting fluids [10, 11]. 
Although there are great benefits to the use of cutting flu-
ids, there are some serious disadvantages. The bad effects 
of cutting fluids, such as skin and breathing problems, affect 
operators on the shop floor. Cutting fluids can damage soil 
and water supplies when treated improperly, causing envi-
ronmental pollution. Cutting fluids must also be carefully 
treated in order to comply with the strict laws of the work-
place. Furthermore, cutting liquids is very expensive. Many 
researchers have made efforts to minimize the use of cutting 
fluids due to several negative effects of cutting fluids [8]. 
Cutting fluids can be more expensive than cutting equipment 
in some machining operations. Any business would ben-
efit from a reduction in the use of cutting fluids. The most 
ordinary technique of applying cutting coolants is to flood 
the tool and workpiece section [9]. Cutting fluid consump-
tion is high, typically several litres per minute, resulting in 
significant increases in costs for buying, storage, repair, and 
disposal, as well as environmental and health risks. Typical 
environmental problems of non-bio-based cutting fluids dur-
ing machining are presented in Fig. 3 [32].

Fig. 3  Environmental problems of non-bio-based cutting fluids during machining [32]



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:238 

1 3

Page 5 of 25 238

Owing to issues related to the environment and work-
ers’ health, demand for green manufacturing is increasing 
in the manufacturing industry. Green manufacturing leads 
to improved working conditions for the operator, along with 
savings in the purchase of cutting fluids and their disposal 
[33, 34]. To address the issues related to conventional cool-
ing techniques, the researchers have explored environmen-
tally conscious machining such as dry machining, cryogenic 
cooling techniques, minimum quantity lubrication (MQL), 
etc. [35].

3  Environmentally conscious machining

Many problems such as economical, environmental, and 
health-related issues are associated with the application 
of cutting fluid in machining process [12]. The increasing 
awareness for green machining globally and the concern 
about environmentally friendly machining force the industry 
to reduce the use of cutting fluid in machining. Therefore, 
some alternative techniques are suggested by researchers 
such as dry machining, cryogenic cooling, solid lubricants, 
and minimum quantity lubrication (MQL) or near dry 
machining (NDM) to overcome the drawbacks of the con-
ventional machining process. The line diagram of environ-
mentally conscious machining techniques is shown in Fig. 4.

3.1  Dry machining

The machining process is carried out without the use of 
cutting fluids in dry machining. As a result, the issues 
associated with using a large quantity of cutting fluids in 
flood cutting are not apparent. Dry machining, on the other 
hand, has its own set of problems, such as tool overheat-
ing. In dry machining, there is a lot of friction between 
the tool and the workpiece, which raises the cutting zone's 
temperature, causing abrasion, diffusion, and oxidation 
[36]. Khettabi et al. [37] also looked at the MQL tech-
nique for milling aluminium alloys and concluded that dry 
machining is better for soft materials. The workpiece is 
thermally affected by the large amount of heat produced 
at the cutting zone. Dry machining at low cutting speeds is 
sufficient, resulting in a low production rate to extend tool 
life [15]. Also, the chip formation in dry machining/grind-
ing could cause deterioration on the machined surface and 
is unable to wash away. Moreover, hard-to-machine mate-
rials generate high temperatures in the machining zone and 
need to be controlled. Thus, eliminating cutting fluid in 
some machining processes is impossible [16]. So another 
possible way to reduce the use of cutting fluid is cryogenic 
cooling and Minimum Quantity Lubrication (MQL).

Fig. 4  Environmentally conscious machining techniques
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3.2  Cryogenic cooling machining

To boost material machinability and machining perfor-
mance, companies in the aerospace, automotive, machine 
tool, cutting tool, and cryogenic industries collaborated to 
develop cryogenic machining technology [38, 39]. However, 
owing to the high costs associated with early cryogenic tech-
nology, it could not be examined over a large spectrum at 
first. Cryogenic cooling has been identified as one of the 
most advantageous methods for material cutting operations 
because it can significantly improve tool life and surface 
finish by reducing tool wear and controlling machining tem-
perature at the cutting region [40].

Shokrani et al. [41] suggested a new hybrid cryogenic 
MQL cooling/lubrication technique for Ti-6Al-4V end mill-
ing with coated solid carbide tools. The proposed device 
was compared to flood, minimum quantity lubrication 
(MQL), and cryogenic cooling in terms of machinability of 
Ti-6Al-4V at different cutting speeds. As main machinabil-
ity matrices, tool life, tool wear, and surface roughness were 
thoroughly investigated, and a new tool life model based on 
tool wear was proposed. The modern hybrid cryogenic MQL 
technique shows a 30 per cent increase in tool life and a 50% 
increase in efficiency as compared to state-of-the-art flood 
cooling, according to the study. In another study, Khanna 
et al. [42] aim to analyse the dry, flood, MQL (minimum 
quantity lubrication), and cryogenic machining with liquid 
 CO2 in terms of tool wear for the turning tests of 15–5 PH 
SS. Aside from progressive flank wear, the machining effi-
ciency of various cutting fluid strategies is compared by 
looking at crater wear, progressive power consumption, sur-
face roughness, micro-hardness, and microstructure of the 
machined surface and chip. Sustainable cryogenic machining 

outperforms conventional machining in terms of tool wear, 
power consumption, and subsurface micro-hardness. In a 
study by Yıldırım [43], machining efficiency in hard turn-
ing processes is compared using nanoadditive-based cutting 
fluid and cryogenic cooling using liquid nitrogen. As the 
experiment workpieces, hardened AISI 420 was chosen. 
To make nanofluid, the cutting oil was mixed with 0.5 per 
cent graphene nanoplatelet (GnP). The experiment variables 
were listed as three cutting speeds, three feed rates, and two 
cooling conditions. The effect of machining conditions on 
tool–chip interface temperature and tool life is shown in 
Figs. 5 and 6, respectively.

The experimental results indicated that cryogenic cool-
ing outperformed nanofluid in terms of tool–chip interface 
temperature, tool life, tool wear, and chip morphology, while 
nanofluid outperformed cryogenic cooling in terms of aver-
age surface roughness and surface topography. Kaynak 
et al. [44] investigated the impact of cryogenic cooling on 
tool wear rate and progressive tool wear by contrasting the 
recent findings from cryogenic machining with MQL and 
dry machining performance. The effects of flank wear at 
the nose, notch wear at the depth of cut boundary, and the 
machining performance parameters that resulted, such as 
force components and surface quality of machined sam-
ples, were investigated. The results of this study show that 
cryogenic cooling has a major impact on tool wear rate 
control and that progressive tool wear in the machining of 
near shape memory alloys can be significantly reduced. In 
another study, Sun et al. [45] present the results of a recent 
machinability study involving cutting forces, surface rough-
ness, and tool wear aimed at improving the machinability of 
Ti-5553 alloy by using cryogenic machining, and results are 
compared with those obtained from machining with flood 

Fig. 5  Effect of machining parameters on tool–chip interface temperature [43]



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:238 

1 3

Page 7 of 25 238

cooling and minimum quantity lubrication (MQL) meth-
ods. Cryogenic machining can reduce cutting forces by up 
to 30% as compared to flood cooling and MQL, as shown 
in Fig. 7. MQL machining produces better surface rough-
ness because the elevated temperatures allow for greater 
ductility. When it comes to tool wear, the tool inserts used 
in cryogenic machining show less nose wear, as shown in 
Fig. 8. A finite element method (FEM) model based on the 
updated Johnson–Cook flow stress model is also developed 
to simulate the cutting forces from cryogenic machining, 

and the experimental and projected results agree well. While 
cryogenic cooling has proved to be successful in a variety 
of machining operations, it does have some limitations and 
drawbacks [46].

The main disadvantage of nitrogen is that the compo-
nents have to be able to cope with low temperatures. After 
all, there is a risk that parts that move over each other will 
freeze. With  CO2, there’s a high pressure to be coped with, 
without losing gas in the process. In spite of some great 
advantages, cryogenic cooling has some limitations which 

Fig. 6  Effect of cooling conditions and cutting velocity on tool life [43]

Fig. 7  Force comparisons among flood-cooled, MQL and cryogenic machining at the cutting speed of 50 m/min and the feed rates of 0.05, 0.125 
and 0.2 mm/rev: a Cutting force; b thrust force [45]
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are as follows: To track and regulate the cooling process, 
extra or additional controlling setup is needed; both the ini-
tial and ongoing costs are high; since certain cryogenic flu-
ids, such as liquid nitrogen, are not reusable, they are some-
times impractical and thus uneconomical; when a cryogenic 
fluid kept at extremely low temperatures comes into direct 
contact with a workpiece during the machining process, 
there is a possibility of damages [47].

3.3  Minimum quantity lubrication (MQL) machining

Minimum quantity lubrication is an alternative to flood 
cooling and dry cutting (MQL). The MQL technique is 
implemented as a tool that is both environmentally and eco-
nomically advantageous [48]. MQL is an emerging method 
in which little quantity of cutting fluid (10–500 ml/h) is 
employed through high pressurized air at the machining 
zone. The cutting oil used in MQL provided the requisite 
cooling–lubrication, and the high-pressure mist effectively 
removed the chips [49]. MQL can be applied to grinding, 
turning, milling, drilling, etc. The schematic illustration 
of the experimental set-up for MQL grinding is shown in 
Fig. 9.

Grinding produces a lot of heat, which necessitates a lot 
of cutting fluids to keep the temperature at the cutting zone 
down [28]. Despite the benefits of using cutting fluids as a 

coolant in grinding, their disadvantages raise concerns about 
health and environmental risks [29]. Researchers found that 
during the grinding process most of the energy is wasted 
in the form of heat which is generated due to the friction 
between workpiece and rotating grinding wheel and also 
concluded that the heat generated adversely affects the pro-
cess outcome. Therefore, need for lubrication arises to dissi-
pate the localized heat. Lubricants help in minimizing these 
adverse effects and help in increasing tool life and surface 
finish. During lubrication when the lubricant is applied, it 
forms a sort of film between the rubbing surfaces, which 
prevents direct contact between the two mating surfaces. As 
a result, the cooling and lubrication efficiency of the grind-
ing fluid is a critical technical aspect of the MQL grinding 
process. Cutting fluids made from vegetables are environ-
mentally friendly and have the same machining efficiency. 
Bio-based cutting fluids used in the nanofluid MQL device 
are thought to reduce the health and environmental risks 
associated with traditional coolants [51]. In a nutshell, for 
green machining, it is essential to concentrate on bio-based 
MQL systems.

Various researchers have studied minimum quantity 
lubrication (MQL) in various machining processes, and 
the findings indicate that it could mitigate many cut-
ting problems caused by high lubricant use, such as high 
machining costs and worker health issues [52]. As a result, 

Fig. 8  Tool wear images of machining Ti-5553 alloy for flood-cooled, MQL, and cryogenic conditions at cutting speed of 50 m/min and feed 
rate of 0.125 mm/rev [45]
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MQL systems are implemented as an environmentally 
friendly and cost-effective process [48]. Dhar et al. [53] 
investigated the impact of lubricant on tool wear and sur-
face roughness when turning AISI 4340 steel. The cutting 

efficiency of MQL machining was found to be superior 
to that of dry machining. The MQL jet reduces tool wear 
and provides a better surface finish, as shown in Figs. 10 
and 11, respectively. The application of MQL improved 

Fig. 9  Schematic illustration of the experimental set-up for MQL grinding [50]

Fig. 10  SEM views of the worn out insert after machining 45 min under a dry, b wet, and c MQL conditions [53]
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the surface finish primarily by reducing wear and tear at 
the tool tip.

In another study, MQL turning of brass using a carbide 
tool was investigated by Gaitonde et al. [54]. ANOVA was 
used to determine the optimum amount of MQL, as well as 
the most suitable cutting speed and feed rate, and ANOVA 
was used to determine the relative significance of param-
eters. In terms of optimizing the machinability character-
istics, ANOVA revealed that the feed rate is the mainly 
important cutting parameter, followed by cutting speed and 
MQL parameters. To minimize surface roughness and cut-
ting forces, an optimal MQL of 200 ml/hr, cutting speed of 
200 m/min, and feed rate of 0.05 mm per rev were found 
during experimentation. Sreejith [55] investigated the impact 
of lubricant environments on various parameters during the 
turning of aluminium alloy 6061, including dry machin-
ing, machining with limited cutting fluid, and machining 
immersed in cutting fluid. The findings revealed that when 
machining at a high cutting speed, a very limited amount of 
cutting fluid can be used, or even dry machining can be used. 
Maruda et al. [56] examined the effectiveness of the MQL 
technique and reported that higher content of active com-
pounds in the tribofilm formed in the cutting zone depends 
upon the size of droplets. In outcome, it beneficially impacts 
the chip shape. Further tool tip examination revealed that a 
thin layer of a tribofilm was formed on the wedge surfaces, 
which resulted in an enhanced machining process [57]. In 
another study, Sarhan [58] evaluated the MQL technique 

and reported the reduction in grinding forces during zirconia 
ceramic grinding as compared to flood cooling. It helps in 
the reduction in coefficient of friction with an improved sur-
face finish of the workpiece. In another study, Rabiei et al. 
[59] also explored the grinding of soft and hard steels under 
different cooling–lubrication systems and reported a reduc-
tion in grinding forces and coefficient of friction in both the 
steels under MQL. Balan et al. [60] ground the Inconel 751 
using the MQL technique and found better results in terms 
of temperature, forces and roughness. Hadad, Hadi [1] evalu-
ated the grinding of AA6061 aluminium and stainless steel 
under dry, MQL, and flood cooling systems. It was observed 
that the MQL technique provided better surface quality than 
flood and dry cooling, as shown in Figs. 12 and 13. During 
MQL grinding, the lowest surface roughness is achieved, 
whereas using synthetic ester additives lead to highest sur-
face roughness because of higher chip loading on the grind-
ing wheel and consequently more re-deposited material on 
the workpiece surface. MQL helps in better lubrication by 
reducing the friction between tool and material [61]. Moreo-
ver, MQL helps in economical benefits, as it reduces the use 
of lubricants. Hence, MQL technique is a better alternative 
[62].

Huang et al. [63] investigated different spraying param-
eters to grind hard material under MQL and concluded 
that surface roughness enhances when the nozzle is placed 
near to the grinding zone. Further Liu et al. [64] optimized 
the grinding parameters (wheel speed, workpiece speed, 

Fig. 11  Surface roughness with 
progress of machining under 
dry, wet, and MQL conditions 
[53]
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and depth of cut) during machining of Ti-6Al-4V in terms 
of surface quality and better material removal rate using 
MQL technique. The optimal surface quality and the better 
removal efficiency of the workpiece material were achieved 
when using NFMQL, Vs = 24 m/s, Vw = 44 mm/min and 
ap = 5 μm. In a separate study, Balan et al. [65] discovered 
that droplets in the MQL technique help to improve Inconel 
grinding efficiency by reducing grinding forces and surface 
roughness. It was concluded that a medium-size (16.3 μm) 
droplet enhances the grinding output due to a better coales-
cence phenomenon. In another study, Dhar et al. [66] found 
that MQL is superior to dry machining because it lowers 
the cutting zone temperature, lowering cutting forces, and 
increasing tool life. Using the MQL technique to further cool 
the machining zone during difficult-to-machine materials is 
still a challenge.

The cooling ability of the MQL system is critical to 
its performance. As a result, the task is to improve the 
heat-carrying ability or thermal conductivity of machin-
ing lubricants. Heat-carrying entities can be introduced 

into lubricants to solve these problems. Nanofluid may 
be the key to these problems. It is described as a mixture 
of solid and liquid suspension. These are liquids made 
by mixing nanosized metal particles into base oil such as 
water, engine oil, vegetable oils, and so on. Many experi-
ments have shown that suspending nanoparticles into the 
base oil improves the thermal conductivity of the fluid [67, 
68]. Many studies in the past validated the effectiveness 
of MQL technique, but still, during the machining of hard 
materials, there is a need to control the temperature of the 
machining zone. Many researchers have confirmed that 
the addition of metal-based nanoparticles in the base oil 
enhanced the heat transfer rate of the base oil [69]. These 
nanoparticles-based cutting fluids are termed as nanoflu-
ids. Previous research studies have reported and found that 
nanofluid minimum quantity lubrication (NFMQL) tech-
nique is an alternative method to dissipate the heat from 
the cutting zone.

Fig. 12  Surface morphology of ground stainless steel workpieces 
with  ae = 35 (in micrometres) and Qw ¼ 52.5 (in cubic millimetres 
per millimetre per minute; magnification, ×700 [1]

Fig. 13  Surface morphology of ground aluminium workpieces with 
 ae = 35 (in micrometres) and Qw ¼ 52.5 (in cubic millimetres per 
millimetre per minute; magnification, ×700 [1]
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3.4  Nanofluid minimum quantity lubrication 
(NFMQL) machining

The quest to further improve the efficiency of the MQL 
technique motivated the researchers to develop Nanofluids. 
Nanofluids are fluids in which nanoparticles are dispersed in 
minute quantity to enhance the properties of the base fluid 
[70]. The supplying principle of the grinding fluid for the 
NFMQL grinding is shown in Fig. 14.

Solid particles such as  Al2O3,  MoS2, CNT, CuO,  SiO2, 
 ZrO2, and others are widely used in nanofluids. As these 
oxides and pure carbon molecules are applied to the base 
fluid in MQL machining, the fluid's heat-carrying and load-
bearing capacity is increased, which improves the machin-
ing operation [72]. The heat transfer rate of cutting fluids 
containing suspended nanoparticles like copper into a base 
oil improved cooling effects by more than two times [73]. 
Nanofluid consisting of copper nanoparticles mixed in ethy-
hlene-glycol exhibits an improved heat transmission rate as 
compared to either pure ethylene–glycol [69]. Nanofluids' 
properties make them appealing for cooling and lubricating 
applications in a variety of industries, especially in manu-
facturing processes.

Various experiments have shown that suspending nan-
oparticles of high conductivity solids into a base liquid 
increases the thermal conductivity of the fluid. [67, 68]. 
Choi [73] found that dispersing metallic nanoparticles in flu-
ids increases their heat carrying power. These characteristics 
of nanofluids make them attractive in cooling and lubrication 
applications in many industries. Hence, many researchers 
have confirmed that the addition of nanoparticles in the base 
oil increases the heat transfer rate of the base oil [69, 73, 74]. 
Nanofluids with a variety of properties are gaining popu-
larity as new fluids for cooling and lubrication. Nanofluids 
are used in many heat transfer applications such as vehicle 
cooling, machining, etc. [75]. Similarly, numerous studies 

have shown that such lubricant additives boost machining 
outputs, including higher surface quality, longer tool life, 
lower machining force, and lower specific energy. [30]. 
Nanoparticles are nitrides, oxides, carbides, etc., and the 
most commonly used nanoparticles are aluminium oxides, 
copper oxide, silicon carbide, carbon nanotubes, etc. [76]. 
Nanoparticles help in enhancing the heat-carrying capacity 
due to their high surface to volume ratio. This enhancement 
of thermal conductivity reduces the heat at the machining 
zone [77, 78]. Nanofluids prepared by adding nanoparticles 
to base liquids are superior to traditional lubricants [74]. Li 
et al. [79] put forward the issues and challenges faced by 
researchers during developments of nanofluid in terms of 
their preparations and characterization and emphasize that 
these are to be solved in the near future. The selection of 
nanofluid steam, synthesis of nanofluids, stability of nanoliq-
uid–solid suspension, thermal conductivity of nanofluids, 
viscosity of nanofluids, thermal conductivity model for 
nanofluids, and mechanism of enhanced thermal conduc-
tivity of nanofluids are the major problems associated with 
nanofluids. In a study, Khandekar et al. [80] produced nano-
cutting fluid by mixing 1 per cent  Al2O3 nanoparticles with 
traditional servo-cut oil and using it to machine AISI 4340 
steel with dimensions of 100 mm diameter and 500 mm 
length. It was discovered that adding 1%  Al2O3 nanoparticles 
to the lubricant improves its wettability. Furthermore, it was 
discovered that tool wear was reduced, surface roughness 
was reduced, and cutting forces were reduced by 30–50 per 
cent. Setti et al. [81] investigated Ti-6Al-4V grinding using 
a MQL method based on  Al2O3 and CuO nanoparticles. The 
water-based  Al2O3 nanofluid was found to boost the grind-
ability of Ti-6Al-4V with a traditional abrasive wheel by 
lowering friction and temperature, favouring effective grain 
fracture, ideal chip shape, and effective debris flushing out 
of the grinding field.

Fig. 14  Schematic diagram of 
nanofluid mist spray in MQL 
grinding [71]
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Mao et al. [71] investigated grinding characteristics using 
a water-based  Al2O3 nanofluid-based MQL method. When 
compared to pure water MQL grinding, water-based  Al2O3 
nanofluid MQL grinding substantially reduces grinding tem-
perature, reduces grinding forces, improves ground surface 
morphology, and reduces surface roughness. In contrast with 
pure water MQL grinding and flood cooling, nanoparticles 
act as ball bearings around the workpiece, chip, and grinding 
wheel, reducing tangential forces and improving tribological 
efficiency, resulting in better lubrication conditions. Sayuti 
et al. [35] also looked into the tool wear and surface rough-
ness of machining hardened steel AISI 4140 in nanofluid. 
For testing purposes, an orthogonal array L16 was used. To 
regulate the temperature,  SiO2 nanolubrication was applied 
to the cutting zone in this study. The results of the experi-
ment were simulated in MATLAB using Mamdani fuzzy 
logic. With a 0.5 per cent weight nanoparticle concentration 
in mineral oil, 2 bar air stream strain, and 60° nozzle orienta-
tion angles, minimal tool wear was achieved. With a 0.5 per 
cent weight concentration, low air pressure, and a 30° nozzle 
orientation angle, the surface finish is improved. In another 
study, Shen et al. [82] looked into the wear and tribologi-
cal characteristics of wheels using a nanofluid-based MQL 
method. The dura bar 100–70-02 ductile iron was ground 
with a vitreous bond grey aluminium oxide grinding wheel. 
The normal tangential force was measured along with the 
temperature of grinding bar using different coolants. Water-
based  Al2O3 nanofluids were prepared by dispersing 40 nm 
 Al2O3 nanoparticles in the deionized water. Two types 
of diamond nanofluids were prepared using 1.5 vol% in 
water to perform grinding. It was observed that grinding 
forces were reduced using different MQL fluids, and wheel 
wear was also less under MQL. In a study, Park et al. [61] 
reported that the traditional MQL system generates irregular 
droplets along with the distribution of the cutting fluid. The 
uniform distribution helps in covering the large surface area, 
which enhances the cooling–lubrication capabilities. It was 
revealed that the nanoparticle-based MQL technique signifi-
cantly enhances heat transfer in the grinding zone by increas-
ing the lubricating property in the area [82, 83]. Chatha et al. 
[84] reported that nanofluid MQL condition was better than 
dry and conventional cooling conditions during drilling of 
aluminium in terms of drilling characteristics. Jia et al. [85] 
conducted the experiments to evaluate the grinding energy, 
tangential force, and frictional coefficient to verify the lubri-
cation performance of nanoparticles. It was concluded that 
grinding energy, tangential force, and frictional coefficient 
were reduced under  MoS2 nanoparticles-based grinding of 
45 steel compared to dry and flood lubrication. As reported 
by Tawakoli et  al. [86], the lubrication performance of 
MQL surpasses that of flood grinding during the grinding 
of 100Cr6, resulting in a reduction in the grinding forces and 
surface roughness due to high-pressure gas which is flown to 

the grinding zone to achieve the desire lubrication. Agarwal 
et al. [87] found that with the addition of nanoparticles heat 
transfer coefficient enhances which helps in better lubrica-
tion and cooling during the machining processes to control 
the temperature. Antifriction and heat exchange properties of 
nanoparticles used in nanofluids proved to be beneficial than 
pure MQL machining [88]. In another study, Singh et al. [89] 
concluded that graphene-based MQL turning of Ti-6Al-4V 
had better results compared to dry machining due to high 
thermal conductivity and shearing behaviour of graphene. 
Wang et al. [90] concluded that the lubrication properties of 
the six kinds of nanofluids can be described in the following 
order:  ZrO2 < CNTs < ND <  MoS2 <  SiO2 <  Al2O3. Among 
these compounds,  Al2O3,  MoS2, and  SiO2 nanoparticles 
are more appropriate as additives for nanofluids [90]. Jia 
et al. [85] evaluated MQL grinding of AISI 1045 steel using 
 ZrO2, diamond, and  MoS2 nanoparticles. It was reported 
that  MoS2 nanoparticles achieved the optimum lubrication 
performance, followed by diamond nanoparticles.

Singh et al. [91] also reported a reduction in the tool flank 
wear with smoother surfaces under nanofluid Minimum 
Quantity Lubrication (NFMQL) face milling, as shown in 
Fig. 15.

Sharma et al. [92] reported that nanoparticles-based cut-
ting fluids in MQL showed a remarkable reduction in the 
cutting force, power consumption, specific energy, surface 
roughness, and friction coefficient during different machin-
ing operations. Zhang et al. [31] concluded that MQL grind-
ing has an evident advantage over dry and flood lubrica-
tion. Khandekar et al. [80] used  Al2O3 nanoparticles in the 
machining of AISI 4340 steel under the MQL technique and 
reported a reduction in outcome parameters such as cutting 
forces, roughness, tool wear, and chip thickness compared 
to the dry and conventional cooling system. Nanofluids 
enhanced the wettability of the base fluid [93]. Das et al. 
[94] dispersed a small amount of copper nanoparticles in 
ethylene glycol and reported an improvement in the thermal 
conductivity of ethylene glycol by 40–150%. Hence, with 
the advent of nanofluids, new possibilities have opened to 
enhance the thermophysical properties of conventional fluids 
in a required manner. The nanofluid MQL technique is an 
effective approach to reduce the friction between the two 
contact surfaces due to the rolling effect of nanoparticles, 
and their lubrication effect depends upon the base fluid and 
other machining parameters [83]. Moreover, nanoadditives 
act as spacers between the workpiece-tool interface and 
reduce friction, which enhances the tribological properties 
during different manufacturing processes. Nanofluids have 
shown better effects on different machining characteristics 
such as low forces, high surface quality, and low tool wear, 
etc. [84, 95–98]. Javaroni et al. [99] also reported that MQL 
could be an alternative to the conventional cooling system 
during the grinding of ceramics. Su et al. [2] evaluated the 
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turning of AISI 1045 steel and reported that graphite oil-
based nanofluid MQL helps in the reduction in temperature, 
and cutting forces and thus make the process more effective, 
as shown in Figs. 16 and 17, respectively.

In another study, Zhang et al. [100] evaluated different 
nanofluids during grinding operation and reported better 
cooling effects under carbon nanotubes-based nanofluid. Li 

et al. [101] evaluated the milling process for titanium alloy 
under nanofluid MQL and concluded that graphene additives 
were useful for improving the milling characteristics. Bai 
et al. [102] evaluated the performance of  Al2O3 and SiO nan-
oparticles during the milling of Ti-6Al-4V and concluded 
that nanoparticles improved the lubrication effects and are 
suitable as environment-friendly additives. Shabgard et al. 

Fig. 15  Tool wear and surface roughness under dry, wet (flood) and NFMQL conditions [91]

Fig. 16  Variation in cutting temperature with cutting speed for differ-
ent cooling conditions [2]

Fig. 17  Variation in main cutting force with cutting speed for differ-
ent cooling conditions [2]
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[103] dispersed different concentrations of CuO nanopar-
ticles in canola oil during grinding of AISI 1045 steel and 
reported lower tangential forces with a smoother surface as 
compared to flood cooling. Wang et al. [104] reported that 
nanofluids exhibit better tribological performance using veg-
etable oils as the base oils in terms of machining outputs.

In order to make the machining process more ecologi-
cal, the minimal quantity lubrication has been accepted as a 
successful near dry application because of its environmen-
tally friendly characteristics. In machining, it is not pos-
sible to omit the use of cutting fluids completely, which 
necessitates to developing an alternative solution to avoid 
environmental and health damages. In recent years, MQL 
machining with vegetable oil-based cutting fluids (VBCFs) 
as the base oil offered favourable results with respect to cost 
and environment-related problems. It minimizes the health 
issues created by mineral-based cutting fluids. The use of 
vegetable oils may allow this mixture to make possible the 
development of a new generation of cutting fluid, where high 
performance in machining combined with good environment 
compatibility could be achieved.

Therefore, there is a need to develop environment-
friendly fluids as mineral-based coolants are hazardous for 
storage and disposal [105]. In recent times, the inclination 
of many researchers has shifted to vegetable-based cutting 
fluids [106]. The conventional method of lubrication in 
machining by using mineral oil-based cutting fluids poses 
an environmental risk. Since conventional lubricants are 
often flammable, the contaminant waste that comes from 
their disposal from the finished product includes dangerous 
elements such as arsenic, sulphur, chlorine, and zinc [107].

As a consequence, it's important to pay attention to envi-
ronmentally friendly lubricants and to consider the value of 
using biodegradable lubricants. As a result, biodegradable 
cutting fluids must be used instead of mineral-based cutting 
fluids. Researchers are focusing on environment-friendly 
cutting fluids. Zareh-Desari, Davoodi [108] reported that 
vegetable oils enriched with nanoparticles reduce the fric-
tion between the tool and workpiece and resulted in better 
lubricity during metal forming process.

Mao et al. [71] investigated the grinding characteristics 
of AISI 52100 steel and reported that  Al2O3 nanofluid MQL 
significantly reduced the forces, friction, and temperature. 
Emami et al. [109] examined the behaviour of  Al2O3 nano-
particles using four different oils, viz. synthetic, mineral, 
hydro-cracked, and vegetable, to evaluate  Al2O3-based 
grinding. It was concluded that vegetable-based MQL grind-
ing is better and environment-friendly as compared to other 
conditions. To save the environment, researchers are trying 
to replace conventional non-biodegradable oils.

In terms of the environment and human health, biodegra-
dability is important. Since vegetable oils are biodegradable, 
they have the ability to be used as cutting fluids. Natural 

fatty acids found in vegetable oils are less toxic and environ-
mentally friendly. Major components in different vegetable 
oils are presented in Fig. 18. Vegetable oils have fair envi-
ronmental properties due to their biodegradable, non-toxic, 
and sustainable existence. Furthermore, since vegetable oils 
have desirable lubricity that is equal to or better than min-
eral-based oils, a high viscosity index, low volatility, and a 
low cost as compared to synthetic oils, they are increasingly 
used in manufacturing processes. [109].

3.5  Nanofluid MQL (NFMQL) machining using 
vegetable oil‑based cutting fluids (VBCFs) 
as the base oil

The mineral-based cutting fluids used during machining 
may have a negative effect on the operator’s health as the 
latter can form mist owing to high pressure and temper-
ature. This causes the operator to inhale these particles 
involuntarily, thereby causing significant health problems. 
Various skin reactions can also be caused by mist, fumes, 
smoke, and odours produced during machining. Physical 
contact with cutting fluid can cause the operators to have 
dermatological problems. To remove any cutting fluid 
residue, the machine tool components must be washed, 
which can take additional time and money. Furthermore, 
the vast majority of cutting fluids used in machining are 
petroleum based, and the disposal of petroleum-based cut-
ting fluids pollutes water, air, and soil. Hence, health and 
environmental needs are to be addressed while machining 
materials. But conventional lubricants are mineral-based 
non-biodegradable oils, so with sticker environment regu-
lations need of the hour is to develop environment-friendly 
lubricants. Yuan et al. [111] tested aluminium alloy in veg-
etable oil-based nanofluids and discovered that it reduces 
cutting forces and surface roughness under a variety of 
machining parameters. As a result, vegetable oils can 
be used as base oils in nanoparticle-based MQL grind-
ing instead of mineral oils. Therefore, mineral oils can 
be replaced by vegetable oils as base oils in nanoparticle-
based MQL grinding [112]. Nanoparticles have the ability 
to be added to vegetable oils as additives to improve the 
grinding process [104]. MQL is a feasible alternative for 
turning, according to Dhar et al. [66], in terms of tool 
wear, heat generation, and surface quality. MQL machin-
ing with biodegradable oil is possible without sacrificing 
surface finish, tool life, or cutting strength [113]. Biodeg-
radability is a vital concern for the atmosphere and human 
health. Since vegetable oils are more biodegradable than 
mineral, synthetic, and semi-synthetic cutting fluids, they 
have the ability to be used as cutting fluids. In a study, 
Sivalingam et al. [114] found that using 0.2 wt% molyb-
denum disulphide and graphite powder as solid lubricants 
in vegetable oil during the turning of Inconel-718 resulted 
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in 50–65 per cent less flank wear and 39–51 per cent less 
surface roughness as compared to conventional cooling. 
Li et al. [115] looked into the effects of carbon nanotubes 
in MQLC and found that nanoparticles increased heat 
transfer rates and vegetable oils helped with lubrication. 
However, it has been documented that a small amount of 
cooling lubrication with biodegradable vegetable oil can 
dramatically improve machinability, including tool life 
extension and cutting force reduction. As a result, vegeta-
ble base oils are also desirable rivals for metal machining 
applications because they are biodegradable [109].

Vegetable oils are safe for the environment. In MQL 
machining, lubrication and cooling functions are done by 
the mist of oil and air, and this can be applied to all machin-
ing processes [55, 116, 117]. In a study by Chatha et al. 
during the drilling of Aluminium alloy, it was observed that 
vegetable oil-based nanofluid MQL produced low friction 
and effectively eliminated chips and burrs to enhance the 
surface quality of the holes and improved the tool life. As 
reported by Silva [118], MQL grinding under vegetable oil-
based MQL significantly reduces the specific energy to a 
level of flood cooling, during grinding of hardened AISI 
4340 steel. Also compared with conventional mineral-based 
cooling, vegetable oil demonstrated positive outcomes as 
far as controlling the development of bacterial settlement 
[119]. As a result, using vegetable oils as the base oil in the 

nanofluid MQL system will aid in combating this environ-
mental problem [120].

Vegetable oils are attracting the attention of machining 
researchers in order to save the world. Vegetable oils are 
cleaner and less expensive [121]. Vegetable oils have natural 
fatty acids that are biodegradable [122]. Vegetable oils are 
used as lubricants because of their high flash point, which 
helps them to withstand high temperatures while also pro-
viding good lubrication. The use of a vegetable oil-based 
nanofluid MQL technique lowered the temperature of the 
grinding zone and improved cooling and lubrication. [90, 
123]. Vegetable oils not only confirms to the environment-
friendly manufacturing but also meet the required lubrication 
properties [124]. Nanoparticles play an essential role in the 
enhancement of the heat transfer rate of fluids [82]. Hadad, 
Sadeghi [125] found that adding nanoparticles to a base fluid 
improves heat transfer. This culminated in the creation of 
Nanofluids, a new form of fluid. According to Sharma et al. 
[92], nanofluid MQL is superior to flood cooling and MQL 
cooling. As a result, nanofluids could lower the temperature 
in the grinding environment, resulting in improved cooling 
and lubrication. Metal nanoparticles are primarily used to 
improve heat transfer rates in terms of pressure, friction, and 
temperature [126]. Mao et al. [71] found that  Al2O3 nano-
fluid MQL grinding achieved excellent performance. The 
behaviour of 0.5 per cent CuO, ZnO, and  ZrO2 nanoparticles 

Fig. 18  Major components in different vegetable oils [110]
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in base fluid was studied by Hernández Battez et al. [127], 
who found that it had strong tribological properties. When 
a 2 per cent volume fraction of  MoS2 nanoparticles was 
applied to the base fluid using MQL, low grinding forces and 
surface roughness were achieved along with the necessary 
lubrication properties [128]. Fluids based on nanoparticles 
have proved to be efficient machining fluids. The efficacy 
of nanofluid MQL has been documented by a number of 
researchers. Emami et al. [109] investigated  Al2O3 nanopar-
ticle behaviour using four different oils: synthetic, mineral, 
hydro-cracked, and vegetable. It was determined that MQL 
grinding using vegetable oil is environmentally friendly. To 
save the environment, researchers are trying to remove con-
ventional non-biodegradable oils.

Zhang et al. [31] investigated the grinding of high-purity 
alumina with  MoS2-dependent nanofluid in various vegeta-
ble oils, concluding that palm oil provided the best lubrica-
tion effects due to its high viscosity. In the drilling of tita-
nium alloy, Rahim, Sasahara [129] used both vegetable and 
synthetic ester as a base fluid and concluded that vegetable-
based oils are stronger lubricants and can be used instead 
of synthetic ester. Lawal et al. [130] tested vegetable and 
mineral oil cutting fluids in turning AISI 4340 steel with 
coated carbide tools using the Taguchi process. Cutting flu-
ids based on palm oil and cottonseed oil have better heat 
conductivity and environmental properties, making them 
better alternatives for machining AISI 4340 steel with coated 
carbide, according to sources. Zhang et al. [131] investigated 
the grinding of a mixture of two nanoparticles and found an 
improvement in performance by using different nanofluid 
MQL. Wang et al. [132] also demonstrated that different 
vegetable oils produced excellent results in terms of G-ratio 
and specific energy during the machining of nickel-based 
alloy GH4169 as workpiece material. Silva [118] ground 
AISI 4340 steel with a vegetable-based MQL system and 
opinioned that it has better cooling–lubrication effects than 
conventional cooling. In another study, Thottackkad et al. 
[133] reported enhancement in the tribological properties 
when CuO nanoparticles were added to coconut oil. Moreo-
ver, surface structure of the worn surfaces obtained by SEM 
demonstrates that the optimum quantity of nanoparticles in 
the base fluid causes the roughness of the worn pin surface 
to reduce to a low value after sliding, as shown in Fig. 19.

According to Wang et al. [104], the appropriate amount 
of  Al2O3 in vegetable oil-based nanofluids enhances tri-
bological efficiency during surface grinding of a Ni-based 
alloy. This is because nanoparticles can fill cavities and 
incomplete spaces between the contacting surfaces, and 
they can perform various tribological enhancement mecha-
nisms such as mending effect, ball bearing and protective 
film formation between the tool–workpiece interface, which 
results in improving the process performance, as shown in 
Fig. 20a and b. Moreover, nanofluid MQL technique has 

environmental and economic benefits in industrial applica-
tions. The MQL technique is a noticeable and acknowledged 
economical method in the grinding of various engineering 
materials. However, MQL's cooling efficiency isn't always 
regarded as satisfactory [134].

According to Li et al. [88], nozzle angle plays a sig-
nificant role in the grinding process, with the pressure at 
the wedge gap being higher when the angle of the nozzle 
was 15°. Hadad, Sadeghi [125] concluded that nanofluids 
enhance the cooling effects at the grinding zone that may 
lead to better lubricity. Many researchers in their effort 
demonstrated that vegetable oils can be used as base oils 
in cutting fluids to achieve good lubrication and cooling 
in the MQL technique [122, 124, 135]. Lawal et al. [130] 
evaluated the performance of vegetable oil and mineral oil 
as lubricants in cutting of AISI 4340 steel. Vegetable oil 
shows better surface finish values than mineral oil-based 
lubrication. Zhang et al. [31] looked at how various forms of 
vegetable oils affected the grinding of 45 steel. This research 
looked at four different grinding conditions: dry grinding, 
flood lubrication, MQL, and nanoparticle-based MQL. In 
MQL grinding and nanoparticle jet MQL grinding, palm oil 
was found to have a lower coefficient of friction and basic 
grinding energy than liquid paraffin. Furthermore, when 
used as a base oil in the nanoparticle jet MQL condition, 
palm oil had a low coefficient of friction and specific grind-
ing energy. Soybean oil viscosity is increased when  MoS2 
nanoparticles are included. High viscosity can provide a 
strong lubricating property, and increasing the nanoparticle 
concentration can improve that property. Although the nan-
oparticle concentration has the best range (6%), excessive 
 MoS2 nanoparticles can cause nanoparticle agglomeration, 
which reduces the lubrication property. In the experiment, 
the optimum concentration of nanoparticle  MoS2 was found 
to be 6%. Vegetable oil can act as cutting fluid and nano-
particles helps in reducing the coefficient of friction [31]. 
Wang et al. [104] evaluated seven vegetable oils as MQL 
lubricants. Results showed that vegetable oil-based lubri-
cants achieved lower grinding ratio and wheel wear than 
flood cooling. Wang et al. [132] evaluated nanofluid-based 
MQL with palm oil as base oil. It was concluded that nano-
fluid MQL with vegetable oil as base oil exhibited excellent 
tribological performance.

4  Machining of difficult‑to‑cut materials 
(DCM)

Machining hard materials in an environmentally friendly 
manner have always been a challenge, and researchers are 
trying to address it. Despite the efforts of various authors 
[136, 137] to improve the cutting of difficult-to-cut alloys 
(inconel, nimonics, and so on), the machining of these 
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materials remains a challenge due to the high temperature 
produced at the cutting zone. Moreover, the amount of 
mineral oil-based cutting fluids used in the MQL tech-
nique is small; the use of these mineral oils as base fluids 
would have a substantial environmental effect due to their 
toxic nature. Because of their excellent lubrication prop-
erties and environmental friendliness, vegetable oils may 
be used as base oils in the MQL technique [106]. Despite 
the authors' efforts to improve the machining efficiency 
of hard materials, due to their excellent mechanical prop-
erties, temperature control in the cutting zone remains a 
big challenge. Researchers have used mineral oil-based 
cutting oils as the base oil in previous studies to investi-
gate the machining performance of these difficult-to-cut 
alloys using a standard technique called flood cooling. 
There are only a few studies that looked at machining these 
alloys using an environmentally friendly MQL technique 
with vegetable oil-based cutting fluids as the base oil. 

Furthermore, the nanofluid MQL technique with vegeta-
ble oils as the base oil has not been used to investigate the 
grinding of these (inconel 718, nimonic, etc.) alloys.

According to the literature review with regard to envi-
ronment regulations, a study should concentrate on green 
manufacturing methods. Some of the solutions include 
dry machining, MQL, and bio-based nanofluid MQL. Dry 
machining has drawbacks because it generates a lot of heat 
during the process. Cutting fluid consumption is reduced 
by MQL, but cutting fluid toxicity remains a concern. 
Cutting fluids made from vegetables are environmentally 
friendly and have the same machining efficiency as flood 
cooling. Bio-based cutting fluids used in the nanofluid 
MQL device are thought to reduce the health and envi-
ronmental risks associated with traditional coolants. In a 
nutshell, bio-based MQL systems must be prioritized for 
green machining.

Fig. 19  SEM images of the friction surfaces of the pin [133]
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5  Challenges and future trends

MQL technology has a great potential to perform well in 
the experimental endeavour, despite that fact the long-term 
potential for industrial operation remains unanswered. This 
issue might be solved when more work will be accomplished 
in industries for large-scale production. But, some of the 
major challenges and gaps in the previous literature propose 
these gaps as the future scope of the study.

Investigation of toxicity of nanoparticles and ionic liquids 
is an essential task to increase the application of MQL tech-
nology in the near future. Study of the droplet dynamics of 
MQL base fluid will be a new research dimension. Here, the 
thermal analysis needs to be incorporated with sustainability 
analysis for green manufacturing technology. Furthermore, 
considering the potential of nanofluids in MQL, more stud-
ies are required to develop the models of tribofilm forma-
tion, heat transfer by MQL, suspension of nanoparticles, 
wetting ability of sprayed droplets, etc. Lastly, the advent 
of advanced computational algorithms and data science 
demands to be integrated with MQL-assisted machining 
and MQL control parameters so that intelligent and smart 
manufacturing can be devised for Industry 4.0. Studies are 
required in this field.

Additionally, avoiding the use of lubricants, i.e. dry 
machining, is an alternative to prevent the harmful effects 
of oils, but it has limitations with regard to the machining 
of hard-to-cut alloys. The obstacle to replacing the cutting 
fluids is the heat produced during the machining process. 
Grinding is a precision machining process that requires 
a large amount of coolants to increase the wheel life and 
minimize the thermal damage of the workpiece. Grinding is 
recognized as the most environmentally unfriendly process 
due to the extensive amount of smoke mist produced during 
the process.

Furthermore, environmental regulations are getting 
stricter, and the disposal of mineral oils unnecessarily 
increases the cost to the company. Researchers are currently 
focusing on the reduction in usage of these harmful coolants 
and developing other lubricants or techniques. The literature 
suggests that NFMQL can reduce the amount of heat gener-
ated at the tool–workpiece interface and hence control the 
temperature. Another advantage of NFMQL is that high-
pressure mist removes the chips efficiently from the machin-
ing zone. Moreover, the chips and work surface produced 
are dry. Hence, it is evident that cost can be saved due to 
the reduction in fluid usage and cost associated with its dis-
posal (as it is an environment-friendly technique), while the 

Fig. 20  Tribological enhancement mechanisms of nanoparticles during grinding [104]
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same level of productivity can be achieved. Since grinding 
generates high energy, the application of NFMQL is more 
challenging than other processes. Researchers have made 
many efforts by dispersing nanoparticles in the base fluid 
to enhance the thermal conductivity of the fluid to make 
them suitable for machining. Many experimental and theo-
retical studies have shown that the attractive characteristics 
of nanofluids like rolling, polishing effects, etc. make them 
ideal for cooling during machining.

The study of nanofluids aims to create new nanofluids. 
The mechanism of nanofluids' improved lubricating prop-
erties needs to be investigated further. The results of the 
experiments revealed that the improvement in lubrication 
with lubricating nanoparticle additives may be dependent 
on the base fluid chemistry. As a consequence, choosing the 
right base fluid is crucial when using nanoparticle-based 
lubricants in MQL, and it necessitates further research in 
this region. Particle agglomeration and coagulation are 
undesirable. If it is possible to avoid the nanoparticles from 
agglomerating and coagulating, their dispersion behaviour 
would improve significantly. It is important to explore fur-
ther changes in the tribological properties of nanolubricants. 
The selection of suitable base oil/ fluid chemistry will be one 
field. Base oil chemistry showed a major effect on the tri-
bological mechanisms of the nanolubricants when grinding 
various workpiece materials. Thus, the selection of appropri-
ate base fluid is very critical in the application of nanoparti-
cles-based lubricants in MQL and requires a further course 
of research in this field.

6  Conclusions

This paper has presented a review of important published 
research studies in the application of mineral oils, vegetable 
oils, nanofluids, and vegetable oil-based nanocutting fluids 
with the help of MQL technique during the grinding opera-
tion. It has also presented a brief description and mechanism 
of the MQL technique, systematically discussing its effect 
on performance parameters in grinding operations. Most of 
the experimental studies showed that MQL technique can 
be a viable alternative to conventional machining and can 
facilitate eco-friendly machining. The following conclusions 
may be drawn from the present literature review:

(1) Efforts have been made to develop new techniques 
of cooling due to the negative effects of flood cool-
ing systems. Dry machining is the alternative to flood 
cooling; however, it is not recommended in the case of 
hard materials machining operations due to high heat 
generation.

(2) Minimum quantity lubrication technique is the alter-
native explored by the researchers. Previous literature 

also advocated that MQL technique could effectively 
enhance the machining characteristics in comparison 
with flood and dry drilling. The main reason for the 
improvement in machining characteristics under MQL 
conditions is that the micro-droplets of cutting fluid 
get deposited on the workpiece and tool surface, which 
results in the development of a thin lubricating fluid 
film between frictional surfaces. This thin-film has a 
good cooling–lubricating performance with respect to 
machining characteristics. The performance of MQL 
was also varied with the tool material, tool coating, 
and workpiece material. In addition, based on the work-
ing fluid of the MQL system, a systematic selection of 
machining parameters is required to get the maximum 
machining efficiency.

(3) Nanoparticles diffused in the MQL base oil are a useful 
technique to minimize friction throughout the machin-
ing process. With exceptional properties and minimum 
cost, nanoparticles are considered to be a novel, effec-
tual choice to food lubrication because of environmen-
tal issues.

(4) Another way is to use cutting fluids that are biodegrad-
able, i.e. vegetable oil-based cutting fluids. Vegetable 
oils as the base fluid have better cooling–lubrication 
capabilities than mineral oils using the MQL technique. 
This may be attributed to the rich presence of saturated 
fatty acids in vegetable oils, which have high binding 
energy as well as low friction and therefore have better 
lubricating properties. Although vegetable oils show 
similar performance to that of mineral oils, still more 
chemistry of vegetable oils is required to be explored.

(5) From an environmental point of view, MQL technique 
reduces the requirement of cutting fluid thereby reduc-
ing pollution as well as the processing cost of cutting 
fluid. At the same time, nanoparticles-mixed vegeta-
ble-based oil is a new generation of cutting fluids in 
machining applications replacing the traditional min-
eral oil-based cutting fluids for increased sustainabil-
ity of the drilling processes as well as higher cooling 
capabilities with the application of nanoparticles.

(6) From an economic point of view, vegetable oils make 
the process economical as these oils are available abun-
dant and are less costly as compared to mineral oils.
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