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Abstract: Gaining grounds as a potential heat transfer fluid due to its superior thermal and tribo-
logical properties, Nanofluid Minimum Quantity Lubrication (NMQL) has been classified as an
environmentally friendly technique and has already been successfully applied in several machining
processes. This paper presents a review of the role of NMQL for different machining processes. The
mechanisms of the MQL technique are thoroughly explained for achieving optimal performance
based on parameters like nozzle feed position, angle of elevation, distance from the nozzle tip to
cutting zone, flow rate, and air pressure. NMQL is shown to enhance cooling performance and lubri-
cation, as well as the tribological properties of the fluid and cutting performance. With government
legislative and public opinion pushing manufacturing companies towards sustainable production
techniques and practices, the implementation of MQL-nanofluid can slowly prevent the adverse
effects that conventional cutting fluids contribute.

Keywords: nanofluid minimum quantity lubrication; machining; turning; milling; drilling; grinding;
tribology; surface roughness; computational fluid dynamics

1. Introduction

Machining, the process in which raw or scrap material is cut into a desired final
shape to create a utilitarian product, is considered one of the most efficient ways to cut
down expenditure costs in the manufacturing process [1]. In all metal cutting machining
operations, the goal is to raise productivity, reduce costs by machining at the highest
practical speed consistent with long tool life, produce the fewest number of rejects, and
minimize downtime with the production of surfaces of satisfactory accuracy and finish [2].
In conventional machining operations, the cutting tool comes into direct contact with the
workpiece to remove material in the form of chips where the presence of relative velocity
under high contact pressure between the flowing chips and rake surface of the tool leads to
excessive rubbing and heat generation [3]. The delivery of prominent fluid to the cutting
zone offers both cooling and lubrication effects as well as chip clearing that contribute to
the efficiency of machining. While many machining operations can be carried out “dry”,
using the proper cutting fluid generally makes possible: higher cutting speeds, higher feed
rates, greater depths of cut, lengthened tool life, decreased surface roughness, increased
dimensional accuracy, and reduced power consumption [4].

Flood coolant systems have been most widely used for precise machining processes
where the cutting fluid is allowed to come out of a nozzle in the form of a liquid jet
to immerse the entire cutting zone. Flood cooling requires a large volume of cutting
fluid to completely inundate the entire cutting zone which increases the overall cost of
machining due to additional expenses for costly cutting fluid. Due to high volumes of fluid
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disposal, flood cooling is always associated with negative environmental impacts that lead
to the ecological imbalance in disposal areas making it an inadequate delivery technique
for cutting fluid [4]. Nanofluid Minimum Quantity Lubrication (NMQL) in machining
processes has recently attracted the attention of researchers as a potential heat transfer
fluid because of the superior thermal and tribological properties nanofluids present. MQL
reduces the usage of coolant by spurting a mixture of compressed air and cutting fluid in
an improved cooling method and nanoparticles incorporated into the lubricant increase
the heat-carrying capacity, making MQL-nanofluid a potential alternative solution within
the machining process [4,5]. The application of MQL-nanofluid in different machining
processes, like turning, milling, drilling, and grinding have shown to be an appropriate
method for offering better machining performance as well as reducing the environmental
and machinist hazards that present themselves during operation [6,7]. Optimizing existing
MQL processes with the addition of nanoadditives would facilitate widespread adoption
of the sustainable method. With government legislative and public opinion pushing
manufacturing companies towards sustainable production techniques and practices, the
implantation of MQL-nanofluid can slowly replace the adverse effects that conventional
cutting fluids have contributed.

This paper presents a review of the role of Nanofluid Minimum Quantity Lubrication
(NMQL) for different machining processes, such as, turning, milling, drilling, and grinding.
The mechanisms of the MQL technique are thoroughly explained for achieving optimal
performance based on parameters like nozzle feed position, angle of elevation, distance
from the nozzle tip to cutting zone, flow rate, and air pressure. Present work also discusses
the employment of nanofluids in MQL within machining operations to show promising
results to provide lubricity over a wide range of temperatures and for difficult-to-cut
materials, such as hardened steel, aerospace alloys, carbon-fiber-reinforced plastic, etc.
Further investigations are conducted on computational fluid dynamics (CFD) as an analysis
of fluid flows using numerical solution methods that allow for the optimization and
verification of design performance before costly prototypes and physical tests. Overall,
the use of nanoadditives in MQL-based fluids has been shown to enhance the cooling
performance and lubricating effects as well as tribological property of the fluid and is
proven to be a viable alternative to flood lubrication.

2. Minimum Quantity Lubrication (MQL)

The effectiveness of traditional machining processes is highly dependent on the pres-
ence of cutting fluid to cool and lubricate the machining region. By having the right
lubricating properties these fluids remove heat generated from frictional heating and shear
heating during chip flow and material deformation, reduce coefficients of friction at tool–
chip and tool–work interfaces, and facilitate the breaking of chips into small segments for
evacuation and proper disposal [7]. Like any other manufacturing technique, machining
produces many byproducts or waste including metal chips, spent cutting fluid, oil contami-
nated with water, oil mist, metal dust, and unnecessary energy usage [8]. Conventional
petroleum-based mineral oils (MO) are the most common cutting fluids used today. While
these conventional cutting fluids reduce the induced surface roughness, extend tool life,
and improve the overall machinability for difficult-to-cut materials, mineral-based cutting
fluids possess harmful waste byproducts that have major consequences for health, envi-
ronment, productivity, and manufacturing cost [9–11]. In efforts to eradicate these adverse
effects minimum quantity lubrication (MQL) is being explored greatly by researchers as a
sustainable and efficient cutting fluid for machining operation.

Minimum quantity lubrication (MQL) has been classified as an environmentally
friendly technique due to its drastically reduced environmental impact and has been
successfully applied in many different machining processes. The major benefits of MQL
are reduction of consumption of cutting fluid, cost efficiency, environmental friendliness,
improved overall performances in cutting operation, and surface quality. The principle of
MQL is that it applies a fine mist of a compressed air mixture containing a less amount of
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cutting fluid to the cutting zone through the spindle of the machine tool, where the lubricat-
ing effect is very high to decrease the friction coefficient [12]. The diameter of the nozzle in
MQL application is about 1 mm and the pressure applied is around 600 kilopascals [12,13].
The flow rate of cutting fluid is in the range between 0.05 and 2 L/h [14] instead of 500 to
1000 L/h in the case of conventional lubrication systems [5,15]. The performance of MQL
depends on parameters like nozzle feed position, angle of elevation, distance from the
nozzle tip to cutting zone, flow rate, and air pressure [16]. The cutting fluids used in MQL
should be biodegradable and remain stable for a longer period compared to conventional
cooling systems because of the difference in the consumption of oil. MQL fluids must
possess characteristics of high lubrication, high stability, and biodegradability due to their
requirements of sustainability and low oil consumption [17].

The main drawback of MQL technology is the low cooling effect, which limits the
applicability and cutting performance in materials with high strengths and hardness [18].
MQL possesses certain restrictions especially at very high cutting speeds where the lu-
bricating fluid tends to evaporate as it strikes the already heated cutting tool at elevated
temperatures. To improve MQL technology, nanofluids containing nanoparticles (Al2O3,
MoS2, SiO2, CuO, diamond, etc.) with at least one of their principal dimensions smaller
than 100 nm have been explored and researched extensively to increase cutting performance
and productivity [19,20].

3. Nanofluids

Nanofluids are defined as a base fluid containing nanometer-sized particles, called
nanoparticles, which are designed or engineered based on the desired properties. Nanoflu-
ids allow for the penetration of cutting interfaces and they increase the overall heat transfer
capabilities as the nanosized solids generally have a much higher thermal conductivity
compared to other liquids [17,21] as seen in Table 1. The thermal conductivity of vegetable
oil, commonly combined with MQL, is only 0.18 W/mK compared to the thermal conduc-
tivity of carbon nanotubes used in MQL being 3000 W/mK, a stark difference to effectively
transfer heat and readily take up heat from the environment. Research shows that properly
designed nanofluids could surpass conventional cutting fluids in thermal conductivity,
convective heat transfer coefficient, critical heat flux, viscosity, and wettability [21]. Fur-
thermore, carbon nanotubes are slowly becoming increasingly accessible and affordable,
making for an attractive additive. Currently, the cheapest nanotubes on the market cost
around $100–200 per kilogram, but advances in electrochemistry present a pathway to
synthesize nanotubes at lower cost [22]. Aluminum oxide is also an affordable additive,
combining low cost with favorable mechanical properties [23].

Table 1. Thermal conductivity at room temperature of typical solids and liquids used in MQL with
nanolubricants [21].

Material Thermal Conductivity (W/mK)

Carbon nanotubes 3000
Aluminum oxide 40

Water 0.60
Vegetable oils 0.18

MQL performance can further be enhanced by applying nanofluids, which are diluted
with nanoparticles that were developed to increase the heat transfer rate, this is known
as nanofluid MQL (NFMQL) [24]. The most common types of nanoparticles consist of
graphene particles, Al2O3 particles, multiwalled carbon nanotubes, and carbon nanoparti-
cles. In particular, carbon group nanoenhancers have been shown to reduce mechanical and
thermal loads in the cutting zone [25]. Compared to conventional fluids, nanofluids possess
the following superior properties such as high heat transfer surface area that transfers
heat between fluid particles, Brownian motion of particles and dispersion stability, and no
particle clogging with predominant system miniaturization at the nanoscale [5,26].
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A statistical technique called response surface methodology with Box–Behnken Design
was used to design experimental runs to empirically present the superiority of implement-
ing NFMQL in comparison to MQL within the levels of process parameters [27]. Three
different levels of feed rate, depth of cut, and cutting fluid flow rate were employed under
MQL and NFMQL cooling environments as the process parameters. A total of 96 exper-
iments were performed having 16 for each lubrication environment and repeated three
times to mitigate any uncertainty. The comparison between MQL and NFMQL lubrication
conditions has shown a significant reduction of temperature under NFMQL at the tool–
workpiece interface from 16.2 to 34.5 percent and improved surface roughness from 11.3
to 12 percent [27] as seen in Figure 1. The research study confirms that NFMQL has the
potential to enhance the surface quality of materials during cutting which saves energy con-
sumption and cost in machining. A separate study considered the use of ZnO nanoparticles
in NFMQL, showing a reduction of cutting temperature of around 15.3 percent [28].
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4. Machining Application

Machining is considered the most versatile manufacturing process today, where a
material’s desired shape, size, and surface finish are achieved through the removal of excess
materials in the form of small chips [29]. The device used to remove the excess material
through direct mechanical contact is known as a cutting tool. When ferrous and other high-
strength materials are machined, the temperature rises with the speed, and the tool strength
decreases, leading to faster wear and tool failure [29,30]. Machining at high speeds is most
desirable for higher productivity, but the tradeoff can result in faster tool wear due to high
temperatures. The heat produced, needs to be cooled down constantly around the cutting
zone so that the workpiece and cutting tool can be kept under controlled temperatures.
During machining operation, the cutting fluid aids in three ways: cools the workpiece
surface and the cutting tool, removes the chips from the cutting zone, and lubricates the
tool–workpiece interface [4,6]. Nanofluids employed in MQL have been examined and
tested for machining operations such as turning, milling, drilling, and grinding and have
shown promising results to provide lubricity over a wide range of temperatures and for
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difficult-to-cut materials, such as hardened steel, aerospace alloys, carbon-fiber-reinforced
plastic, etc. [31–33].

4.1. Turning

Turning is a form of machining, a material removal process, in which excess material
is removed to create rotational parts typically axisymmetric. These rotational parts have
many features, such as holes, grooves, threads, tapers, various diameter steps, and even
contoured surfaces [34]. The turning process requires a turning machine or lathe, workpiece,
fixture, and cutting tool. The workpiece is a piece of preshaped material that is secured
to the fixture, which itself is attached to the turning machine and rotated at high speeds.
Typically, a single point cutting tool that does not rotate but moves linearly along a helix
tool path on the rotating workpiece is used for operation, although some operations make
use of multipoint tools. The cutting tool feeds into the rotating workpiece and cuts away
material in the form of small chips to create the desired shape [34]. The continuous contact
between the workpiece and the cutting tool generates very high heat at the cutting zone
which should be taken away by a suitable coolant. Various research shows that nanofluid
MQL is best suited for cutting fluid in the turning process.

Behera et al. performed an experiment applying nanofluids under MQL methods
during the turning process, where the outcomes were compared with those obtained by
applying biodegradable emulsion and dry machining [35]. It was observed that the small
contact angle, more spreadability, and tiny droplet size of applied alumina nanofluids
provided reduced effects in tool wear, cutting forces, and chip curling parameters during
the machining process. The tribo-film formation has also been observed with alumina
nanofluids which have shown to protect the rake face, the cutting-edge angle that has large
effects on cutting resistance, chip disposal, cutting temperature, and tool life [36]. Overall,
the nanoball bearing effect of silver nanofluids resulted in a good surface finish and reduced
abrasion wear. Figure 2 shows a schematic of the rake angle and its effect when using
alumina nanofluids that have shown to protect rake face and cutting-edge angle. When
rake angle is increased in the positive direction sharpness is improved and when rake
angle is increased by 1◦ in the positive direction the cutting power is decreased by about
1%. Hegab et al. performed a study aimed at improving the cooling efficiency of MQL
during the machining of titanium alloys with nanoadditives [37,38]. The main objective
was to investigate the influence of dispersed multiwalled carbon nanotubes (MWCNT)
into vegetable oil by implementing the MQL technique during the turning of Ti-6AL-4V. It
was found that two percent MWCNT nanofluid reduced the power consumption by eleven
percent. The same concentration of nanofluid also reduced the flank wear by 45% [38].

Abundant analysis of vegetable-oil-based nanofluids has not been explored and seen
earlier, but Das et al. researched the best vegetable-oil-based nanofluids from a set of
three nanoparticles enriched cutting fluids for machining [39]. The study also investigated
the cutting performance and comparative assessment toward machinability improvement
during hard turning of high-strength-low-alloy steel using four different compositions
of nanofluids by MQL technique. In a comparison of three NFMQL cutting fluids (CuO,
Al2O3, Fe2O3) the study showed: superior machined surface morphology, short-thin chips
with lower curl radius, improved surface quality, least flank wear, and shorter tool–chip
contact length along with smoother sliding marks. It has also shown that the surface
finish of machined parted improves with the change in nanofluid from aluminum-oxide-
based nanofluid to copper-oxide-based nanofluid because the viscosity of copper-oxide-
based nanofluid is lower resulting in proper settlement of the nanofluid in the work–
tool interface. The heat-carrying capacity of copper oxide is also more compared to the
other two nanofluids, which results in fewer microstructural changes. The application of
nanoparticles in MQL has shown promising results in improving the performance of the
turning process concerning cutting tool life due to the superior cooling and lubrication
properties [39].
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4.2. Milling

Milling is one of the most common manufacturing processes by which flat, curved, or
irregular surfaces are machined by cutting away the unwanted material [40]. The cutter
secured in the milling machine is a cutting tool with sharp teeth that rotates at high speeds
with multiple cutting edges and is used to produce parts that are not axially symmetric.
These parts have many features, such as holes, slots, pockets, and even three-dimensional
surface contours. In a milling operation, the use of cutting fluid is not very common due to
the ease in crack propagation in the tool which is caused by the fluctuation in temperature.
However, milling of difficult-to-cut materials at high speed, a process that combines lighter
milling passes with high spindle speeds and high feed rates to achieve a very high metal
removal rate, results in very high temperatures to the cutting zone which require cutting
fluids for efficiency [41]. This high temperature is attributed to poor machinability and
adhesion, abrasion, and chemical reaction of tool–workpiece material. Thus, NFMQL has
been identified as the best alternative in intermittent operations and should be adopted by
manufacturers.

High-speed machining is a process that focuses on making very fast, but also very
light, low-pressure cuts which increase the overall rate in material removal and decreases
the cost of machining [42]. To machine at high speeds, there is much more stopping and
starting which can increase the rate of wear in machine parts such as spindle bearings, ball
screws resulting in higher maintenance costs. Using the proper nanofluid for minimum
quantity lubrication can help avoid these high maintenance costs and further improve
overall efficiency. The lubrication performance of different nanofluids in MQL has been
experimentally evaluated in milling titanium alloy Ti-6AL-4V in terms of milling force, sur-
face roughness, the morphology of workpiece surface, and viscosity of the nanofluids [43].
Titanium alloy exhibits low thermal conductivity and high chemical activity which causes
poor machinability and categorizes it as a difficult-to-machine material. Out of all six
types of nanofluids tested experimental results demonstrated that the Al2O3 nanoparticles
obtained the minimal milling force (Fx = 277.5 N, Fy = 88.3 N), followed by the SiO2
nanoparticle (Fx = 283.6 N, Fy = 86.5 N). Surface roughness was measured by using a
contact pointer measuring instrument SC6C while the surface morphologies of the debris
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and workpiece were measured by electronic scanning electron microscope (SEM) DV2TLV.
The surface roughness was measured under NMQL and MQL conditions by selecting five
points on the workpiece surface, therefore, seven groups of roughness values were obtained.
The spacing characteristic parameter RSm and height characteristic parameter Ra were
used as evaluation parameters in characterizing surface roughness. Pure cottonseed oil
MQL obtained the highest value (Ra = 1.772 µm) and the lowest value was obtained with
the addition of Al2O3 nanoparticles (Ra = 0.594 µm). The minimum RSm was achieved
by the Al2O3 nanofluid (0.093 mm), whereas the maximum RSm was obtained by the
CNT nonfluid (0.409 mm). The comprehensive values were calculated and found to be
in the following order: Al2O3 < SiO2 < MoS2 < CNTs < graphite < SiC, meaning Al2O3
NMQL milling obtained the best surface quality [40]. Morphology is an important index in
evaluating workpiece surface integrity and it can reflect the interaction between tool and
workpiece and the removal mode of metal material. The workpiece surface morphology
was the best for Al2O3 and SiO2 and both spherical nanoparticles improved the lubrication
effect of base oil. Table 2 shows the different observations made for each nanoparticle
and its direct effects on tribological performance. The application of six nanoparticles in
MQL demonstrated different characteristics but have helped in the overall formation of the
lubrication film during processing which improves the tribological properties and wear
reduction performance of nanofluids during milling.

Table 2. Tribological performance observations for the milling of Ti-6AL-4V using six different
nanofluids [43].

Work-Piece Tool Nanofluid
(Diameter = 70 nm)

Tribological Performance Observation
(Milling Force, Surface Roughness, etc.)

Ti-6AL-4V
(40 mm × 30 mm × 30 mm)

Dema
ML1060B Al2O3

• The addition of this nanoparticle showed
the most significant effect in improving the
tribological properties of base oil and
obtained the lowest milling force

• Most significant friction and wear
reduction effect

• Obtained best surface quality

MoS2

• Lubrication performance was poor due to
small viscosity which resulted in thin
oil films

SiO2

• Higher viscosity like Al2O3, which
increases adhesive strength, Brownian
motion, and viscous force among the
nanofluid molecules

CNTs
• Maximum RSm was obtained (0.409 mm),

the mean of profile irregularity distance in
the sampling length L

SiC

• The viscosity of nanofluid was next to that
of SiO2, but the workpiece surface quality
was unsatisfactory which indicated that
lubrication performance is concerned not
only with viscosity but also the shape of
nanoparticles

graphite • Similar viscosity as SiO2 and SiC, poor
performance
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In one of the many detailed analyses and implementation of nanolubrication in ma-
chining, Sarhan et al. mixed SiO2 nanosolid particles with mineral oil having 0.2% weight
concentration through a sonification method where particles can be efficiently mixed [44].
This study showed a reduction in the friction coefficient in the tool–chip interface, which
reduces the cutting force and working power considerably compared with conventional
lubrication systems. In another study, optimum SiO2 nanolubrication parameters were
used in the milling of AI6061-T6, a common alloy that possesses superior mechanical
properties such as hardness and weldability [45]. These parameters include nanolubricant
concentration, air carrier pressure, and nozzle angle. The Taguchi optimization method
was used where then the average TPM values of measured cutting forces, cutting tempera-
ture, and surface roughness were calculated. The result shows an improvement of 25.02,
29.34, and 25.28 percent in cutting force, cutting temperature, and surface roughness [45],
respectively compared to the values obtained from experiments shown in Table 3. The
outstanding performance of MQL oil mixed with nanoparticle additive over pure oil led to
the conclusion that to improve the machining process NFMQL should be used.

Table 3. The measured values of cutting force, cutting temperature, and surface roughness [45].

Test
Levels

Control Factors and Levels (i) The Measured Values

Nanoparticle
Suspended
Concentration
(A)

Air
Pressure
(B)

Nozzle
Orientation
(C)

Cutting Force (N) Cutting Temperature (◦C) Surface Roughness (µm)

Reading Average Reading AverageReading Average

1 2 3 1 2 3 1 2 3

1 i = 1 1 1 132.11 135.23 135.14 134.16 56.80 57.50 57.30 57.20 3.21 3.11 3.10 3.14

2 i = 1 2 2 199.56 195.44 198.73 197.91 70.90 71.80 70.90 71.20 0.78 0.82 0.66 0.75

3 i = 1 3 3 127.82 133.64 130.88 130.78 55.70 56.90 55.70 56.10 1.39 1.38 1.48 1.42

4 i = 1 4 4 183.9 182.63 186.76 184.43 48.80 49.50 48.10 48.80 1.47 1.51 1.60 1.53

5 i = 2 1 2 56.98 51.14 53.31 53.81 43.10 43.80 43.60 43.50 0.79 0.77 0.65 0.74

6 i = 2 2 1 145.31 149.77 155.85 150.31 53.60 54.20 52.70 53.50 1.59 1.55 1.71 1.62

7 i = 2 3 4 165.48 157.69 162.8 161.99 73.90 72.90 72.50 73.10 0.87 0.84 0.93 0.88

8 i = 2 4 3 153.56 155.87 163.46 157.63 70.60 71.10 67.40 69.70 1.30 1.30 1.42 1.34

9 i = 3 1 3 172.75 173.33 169.35 171.81 68.40 67.20 67.80 67.80 1.09 1.13 0.99 1.07

10 i = 3 2 4 109.45 113.32 100.33 107.70 61.80 61.30 61.40 61.50 0.95 0.99 0.85 0.93

11 i = 3 3 1 120.56 122.87 122.33 121.92 51.80 52.40 49.70 51.30 0.83 0.72 0.84 0.80

12 i = 3 4 2 186.73 190.21 187.18 188.04 64.70 63.80 66.50 65.00 1.54 1.59 1.61 1.58

13 i = 4 1 4 112.85 111.73 109.71 111.43 56.60 57.80 60.90 58.10 0.79 0.77 0.69 0.75

14 i = 4 2 3 146.76 144.45 145.77 145.66 57.30 56.10 57.30 56.90 0.69 0.70 0.64 0.68

15 i = 4 3 2 188.22 185.38 186.68 186.76 67.20 65.30 64.00 65.50 0.32 0.32 0.37 0.34

16 i = 4 4 1 175.07 179.37 177.49 177.31 67.90 68.20 68.50 68.20 0.74 0.76 0.73 0.74

4.3. Drilling

Drilling, one of the most important machining processes, produces cylindrical holes
in metallic and nonmetallic materials that are often intended to aid in assembly through
the usage of a drill. One estimate suggests that 40–60% of the total material removed in
the aircraft frame industry comes from the drilling operation [46]. Another estimate is
that 75% of all metal cutting material removed is drilled [47]. The creation of holes is
accomplished most typically by using a twist drill where the chips must exit through the
flutes to the outside of the tool. The cutting font is embedded within the workpiece, making
cooling difficult [48]. The type of cutting fluid used has a significant impact on the drilling
performance.

The performance of cutting fluid having soluble oil-based TiO2 nanoparticles was
investigated in terms of heat transfer by Salimi-Yasar et al. [49]. Three modes of dry drilling,
drilling with pure cutting fluid, and soluble oil-based TiO2 were employed. The average
heat transfer ratio showed an upward trend with increasing of Reynolds number, increasing
from 5.7% at Re 300 to 9.5% at Re of 900 at the constant weight concentration of 0.03%.
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The results showed a decline in temperature distribution in the drilling procedure in the
presence of nanofluid compared to the dry drilling and drilling with cutting fluid. This
experiment concluded that soluble oil-based TiO2 nanofluid could be a great alternative for
drilling procedures. Chatha et al. performed drilling experimentation on aluminum 6063
by applying NFMQL [50]. It was concluded that thrust forces and drilling torques reduced
while the number of frilled holes significantly increases because of NFMQL application,
compared to conventional coolant lubricant conditions. Advantages in using NFMQL may
have been due to the characteristic rolling effect of nanoparticles that resulted in a low
frictional force at tool–workpiece and tool–chip interfaces.

The application of NFMQL in emerging machining processes, such as high-speed
drilling and orbital drilling, has shown promising results for difficult-to-cut materials, such
as hardened steel, aerospace alloys, carbon-fiber-reinforced plastic (CFRP), etc. High-speed
drilling can be referred to as spindle speeds high enough to permit penetration rates of three
to ten times the conventional rate, and orbital drilling represents a promising alternative
drilling process that can reduce tool inventory, reduce axial force, and repair misaligned
and damaged holes [33,51]. One research study performed by Mosleh et al. conducted both
orbital drilling and tribological testing using a four-ball tester to examine the effectiveness
of solid lubrication in MQL [33]. A modified brand model four-ball tester with a maximum
rotational speed and a normal load of 10,000 rpm and 10,000 N, respectively, was used.
The ball configuration and geometry are shown in Figure 3, where the lower balls are
fixed, and the upper ball rotates with a rotational speed so that the relative linear speed
at the contact points was 1.0 m/s. In both the orbital drilling and four-ball testing results
show improvements in characteristics, such as less transfer film on the drilling tool, a
smoother frictional torque, and lower surface temperature from nanofluids containing
MoS2 nanoparticles [52]. The incorporation of NFMQL in these drilling processes resulted
in less wear on lower titanium balls in four-ball testing and provided fluid lubrication,
cooling, and solid lubrication for process improvement with less cleanup. When using
NMQL methods in high-speed drilling or orbital drilling, the process is significantly more
efficient and optimal, with soluble oil-based TiO2 nanofluids showing great promise.
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4.4. Grinding

Grinding is widely used as the finishing machining process for components that
require high accuracies, close dimensional tolerances, and smooth surface finishes. The
precision obtained through grinding can be up to ten times better than with either turning
or milling. It involves the use of disc-shaped grinding wheels, some of which include
grindstones, angle grinders, die grinders, and specialized grinding machines. Regardless of
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the grinding wheel, all grinding processes use abrasive particles to “grind” away material
from a workpiece’s surface [52]. A large volume of grinding fluid is used to flood the
grinding zone which inherits the high cost of disposal or recycling which becomes a
major environmental concern. Minimizing the quantity of cutting fluid used is desirable
in grinding.

The use of nanofluids in MQL grinding has shown benefits of reducing grinding
forces, improving surface roughness, and preventing workpiece burning in the following
research [53]. Shen et al. investigated the wheel wear and tribological characteristics in wet,
dry, and minimum quantity lubrication grinding of cast iron. Water-based Al2O3 and dia-
mond nanofluids were applied in the MQL grinding process and all results were compared
with those of pure water. Experimental results showed that G-ratio, defined as the volume
of material removed per unit volume of grinding wheel wear, could be improved with
high-concentration nanofluids which can significantly reduce the grinding temperature
compared to dry grinding. Another research study explored the use of nanofluids under
MQL to improve grinding characteristics of Ti-6AI-4V alloy [54]. Taguchi’s experimental
design technique has been used and a second-order model has been established to predict
grinding forces and surface roughness. Different concentrations of water-based Al2O3
nanofluids were applied in the grinding operation which showed results that the grinding
forces reduced significantly when the nonfluid was used even at low concentrations and
would improve at higher concentrations. Cui et al. studied the use of cryogenic gas to
enhance the heat transfer capacity of nanolubricant in titanium alloy grinding, with results
showing enhanced cooling performance [55]. Overall, it is determined that, compared to
standard MQL, the addition of nanoadditives, such as diamond nanofluids or aluminum
oxide nanoparticles, results in favorable tribomechanical properties when grinding.

5. Future Work

Minimum quantity lubrication technique has been widely investigated in recent years
as a good alternative to flood coolant in machining and nanofluids have attached the atten-
tion of many researchers due to their high thermal conductivity and ability to remove heat
which MQL lacks. Further investigations are still required to understand and optimize the
effects of nanoadditives size and concentration on the machining performance to achieve a
balance between the induced nanoadditives wear and overall frictional behavior [56]. As
nanotechnology is still a new and upcoming field the cost of nanoparticles and manufactur-
ing cost of nanofluid both are very high making it a pricey endeavor that manufacturers
are trying to avoid. Efforts in minimizing the cost of nanofluids must be taken to make
NFMQL an affordable and efficient option in machining.

5.1. Computational Fluid Dynamics to Study Nanofluid MQL

Computational Fluid Dynamics (CFD) is the analysis of fluid flows using numerical
solution methods that allows for the optimization and verification of design performance
before costly prototypes and physical tests [57]. Many CFD models are developed to
model the temperature profile, oil droplet behavior in the cutting zone, the heat transfer
characteristics of the resultant nanocutting fluid, interactions between the cutting tool
and workpiece, and resulting residual stress using NFMQL in machining processes [58,
59]. One study developed a 2-D axisymmetric CFD to simulate the thermal effects of
resultant nanomist and obtained the thermal characteristics of the nanofluid [60]. The
obtained results were used in the finite element model to simulate the machining process
with nanofluid which showed that the cutting temperature and residual stress performed
better when using NFMQL. The experiment presented the first attempt to simulate the
machining process using MQL-nanofluid; however, more improvements are still required
to enhance the integrated model’s accuracy. The authors suggest that a CFD model can
be further improved by developing a 3-D CFD model of NFMQL to consider the honing
and roundness effects of the cutting edge and to provide accurate simulations of the
nanoadditives plowing effects.
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A literature survey reveals that there are very few simulation models available for
MQL in milling and overall machining applications. CFD simulation is necessary because it
helps in determining the effect of nozzle position on the penetration of MQL spray and helps
study the effect of a change in air pressure and mass flow rate on the wetting area which all
contributes to the performance of MQL [61]. In the high-speed milling process of wrought
aluminum alloys, it is usual to observe the presence and growth of built-up edge. Built-up
edge (BUE) results in a poor surface finish and cutting-edge frittering when the BUE has
torn away [62]. Two techniques are used to avoid this problem: an emulsion of oil in water,
and spray of oil microdrops in air. First, the efficiency of MQL is assessed when compared
to the inefficiency of emulsion techniques, which can be assessed through CFD simulations
and experimental evidence. One research study simulated the conventional flood cooling
process and MQL and found that MQL is very efficient in lubrication because of the high
jet velocity which penetrated through the backflow of milling [63]. Another research study
developed a numerical model to replicate the mist formation in MQL grinding using a
fluent-based CFD flow solver [64]. The MQL parameters considered were air pressure and
the mass flow rate, the same used in milling applications. Simulation of the atomization
under turbulent conditions was done in a discrete phase model (DPM) because oil mass
flow rates are very low and oil acts as a discrete medium in air. Jet velocity and droplet
diameters were also obtained under different input conditions to find the optimum value
of air pressure and mass flow rate of oil to achieve the desired results in MQL grinding of
superalloy. The experiment showed that the medium size (around 16.3 µm) of droplets
plays a significant role in improved performance by the way of reduction in cutting force
and surface roughness.

5.2. Multiphase Flow Distribution in MQL Machining

MQL is a two-phase flow, where the characterization of flow is more complex as
compared to a single-phase flow. Several methods are available for the analysis of two-
phase flow, which can be broadly classified into invasive methods and noninvasive methods.
Invasive methods usually measure the flow directly, such as using probes, but they can
change the flow field and causes disturbances in measurements. Noninvasive techniques,
on the other hand, do not interfere with the flow which results in more accurate flow
results, but this advantage comes at the expense of computational effort required by
the correlation algorithms. A new method was proposed in a research study aimed to
qualitatively compare the oil distribution across the channel using high-speed imaging
and intensity analysis of the image [65]. The study compared the identified oil distribution
and single-phase CFD simulation to observe the correlation between the airflow and mist
flow distribution. Figure 4 shows the experimental setup of the study which consists of
a dual-channel MQL system that transfers the pressurized air and lubricant in separate
concentric channels and atomizes the lubricant near the tool entry for more uniform mist
at the exit. An MQL fluid, UNIST Coolube 2210, was used as the lubricant, which has
intermediate surface tension and viscosity among commonly used products. In this study,
flow images were captured at two different angles, 0◦ and 30◦, for a better understanding
of the oil distribution in three dimensions.

In a multiphase flow where one of the media is transparent and the other is either
translucent or opaque, optical imaging would only capture the nontransparent phase. In the
case of liquid droplets in a gas flow as in MQL, the use of a strong light source to increase
the contrast and decrease any possible attenuation mitigates the challenge of identifying
the droplet phase. A single-phase CFD was conducted for the airflow since most of the
two-phase flow in MQL was air. The CFD was solved using the FLUENT module on
ANSYS for obtaining the velocity profile. The major findings are that the distribution of oil
droplets in MQL mist flow is highly related to the velocity profile which can be confirmed
when comparing the measured flow structure and CFD simulated velocity field. This
means that a single-phase CFD can be used to estimate the multiphase flow distribution
without a time-consuming simulation such as Volume of Fluid (VOF) or SPH-CFD coupled
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analysis. To advance the current study, future work included experimentation for different
channel cross-sectional shapes and areas, incorporating the effect of surface roughness on
the oil distribution, flow distribution during the cutting conditions.
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6. Conclusions

To reduce the environmental loads caused by the full usage of cutting fluids in machin-
ing operations, nanofluid minimum quantity lubrication has recently been widely explored
and researched as an alternative coolant. In metal cutting industries, all used up cutting
fluids that are applied for cooling and lubricating the contact zone contribute the largest
amount of disposal, around 30%, which can end up as the contaminant in rivers leading to
water pollution [60]. Therefore, it is necessary to work towards ecological solutions that
can reduce the usage of coolants while still enhancing the performance of machining opera-
tions [66]. The addition of carbon nanotubes or aluminum-oxide- and copper-oxide-based
nanoparticles greatly enhanced the thermophysical properties of MQL [67,68]. Application
of nanofluids in MQL during different machining processes, such as, turning, milling,
drilling, and grinding has shown promising results in decreasing the cutting force, cutting
temperature, surface roughness, and overall tool wear. The cutting fluid in the form of oil
mist is directly sprayed to the cutting zone, minimizing the amount of fluid used and effec-
tively lubricating the cutting zone to decrease the friction coefficient, which is responsible
for cutting forces, cutting temperature, and tool wear.

When working with difficult-to-cut materials, using nanoadditives in MQL-based
fluids has been shown to:

• enhance the cooling performance and lubricating effects
• enhance tribological property of the fluid
• increase the cutting performance

The application of nanoenhanced biolubricant in MQL has been proven to be an
effective and cleaner machining technology [69]. The superior cooling characteristics of
nanofluids in MQL for machining technology have shown to be a suitable alternative for
machining processes for sustainable production of materials.
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