Sigma J Eng Nat Sci, Vol. 43, No. 3, pp. 1052-1066, June, 2025

Sigma Journal of Engineering and Natural Sciences
Web page info: https://sigma.yildiz.edu.tr
DOL: 10.14744/sigma.2025.00091

Journal of Engineering
and Natural Sciences

Mihendislik ve Fen
Bilimleri Dergisi

Review Article
A review of nanofluid lubrication as a cutting fluid in machining
operations

Sanjeev Kumar GUPTA*®, Vivek RATHORE!

'Department of Mechanical Engineering, IET, GLA University Mathura, 281406, India

ARTICLE INFO ABSTRACT

Article history

Received: 02 March 2024
Revised: 15 April 2024
Accepted: 10 June 2024

As the demand for higher machining efficiency and tool life continues to grow, researchers
and engineers are exploring innovative solutions to enhance the performance of cutting flu-
ids. Nanofluid lubrication, a cutting-edge approach in the field of machining, involves the
dispersion of nanoparticles in conventional lubricants to improve their thermal and tribolog-
ical properties. This paper provides a comprehensive review of the current state of nanofluid
lubrication as a cutting fluid in machining operations. The review encompasses an in-depth
analysis of the synthesis methods, types of nanoparticles employed, and the effects of nano-
fluid lubrication on cutting forces, tool wear, surface finish, and overall machining perfor-
mance. Furthermore, the challenges and opportunities associated with the implementation of
nanofluid lubrication in various machining processes are discussed. By synthesizing existing
knowledge and highlighting recent advancements, this review aims to contribute to a deeper
understanding of the potential benefits and limitations of nanofluid lubrication, paving the
way for future research and practical applications in the realm of precision machining.
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INTRODUCTION Manufacturing is nothing it is just a way of converting raw
materials into a finished and semi-finished product by add-
ing some value to the raw material. In the same manner, by
technical aspect, manufacturing is the application of physi-

cal and chemical processes to alter the geometry, properties

Manufacturing is coming out as an essential support in
the country’s economic widening. In India, the manufac-
turing sector plays an important role in an evolving nation
like India which fully relies on manufacturing for progress

and development as it affects the GDP of the country [1-2].
Various sub-sectors contour vast manufacturing that is
responsible for the Indian economy including alloy, auto-
motive, natural & man-made rubber, petroleum distillates,
food crops, chemicals, electrical machinery and medicine
have contributed to this growth. According to economics,
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and appearance of starting material to make the parts or
product [3-4]. In today’s technology, the Indian manufac-
turing sector is undeviating working ahead of more com-
puterized and process-oriented manufacturing, which will
enhance the efficiency and productivity of a manufacturing
unit [5-6].
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Additive manufacturing, often referred to as 3D print-
ing, stands as a transformative force in the landscape of
Industry 4.0, reshaping traditional manufacturing para-
digms. This innovative technology enables the creation of
complex geometries with unprecedented precision and cus-
tomization, fostering agility and flexibility in production
processes. In the era of Industry 4.0, where interconnect-
edness and data-driven decision-making reign supreme,
additive manufacturing catalyzes on-demand manufac-
turing, reducing lead times and minimizing waste. Its inte-
gration with digital design tools and automation systems
streamlines production workflows, empowering businesses
to swiftly adapt to dynamic market demands. Furthermore,
additive manufacturing facilitates decentralized manufac-
turing, enabling localized production and reducing reli-
ance on centralized factories. As Industry 4.0 continues to
unfold, additive manufacturing will undoubtedly play a piv-
otal role in driving innovation, efficiency, and sustainability
across various sectors, heralding a new era of manufactur-
ing excellence [7-8]. In the era of Industry 4.0, unconven-
tional manufacturing techniques such as water jetting and
robotic techniques are emerging as crucial components of
advanced production processes. Water jetting, with its abil-
ity to cut a wide range of materials with high precision and
minimal heat-affected zones, exemplifies the adaptability
and efficiency demanded by Industry 4.0. Its non-contact
nature allows for intricate designs and the ability to cut
various materials, from metals to composites, meeting the
demands of diverse industries [9-10]. Moreover, robotic
techniques, including robotic arms and automated systems,
are revolutionizing manufacturing by enhancing speed,
accuracy, and flexibility in production lines. These robots
can perform tasks ranging from assembly to inspection
with unparalleled consistency and efficiency, while their
connectivity and data-sharing capabilities align perfectly
with the interconnected nature of Industry 4.0 [11]. By inte-
grating unconventional manufacturing methods like water
jetting and robotic techniques into their operations, busi-
nesses can unlock new levels of productivity, agility, and
customization, driving forward the transformative poten-
tial of Industry 4.0 [12].

Nanotechnology is the application of science that
involves the developing and controlling of matter in the
range of nanometre size i.e., 1-100 nm for various --appli-
cations and this technology certifies the fact that small
things can cause big changes [13-14]. As technology
becomes more advanced the attentiveness towards eco-
friendly manufacturing along with higher performances
also increases. Much research has been done or going on
worldwide over the last 20 years on the practical utilisation
of nano-particles in the machining and material processing
as preservatives in cool-ants/lubricants/cutting fluids. On
considering the evolution of ‘nanotechnology’ the approach
of nanofluid lubrication has evolved [15-16].

Here the word lubrication describes the process of
reduction of friction between these two mating surfaces

on rolling against each other. Nano-lubrication contains
the nanoparticle’s preservative layer between the surfaces
that are in mutual contact with each other which increases
the efficiency and performance. On considering the above
points Nano-lubrication process is used in the Metal
Cutting machining process. Nano-lubrication is a process
of productive cooling and lubrication of the cutting zone
(metal working zone) at the time of any machining process
by entailing nanofluid used as a cutting fluid. Metal cut-
ting is the process that entails the removal of extra material
from a workpiece in the pattern of a chip by employing a
wedge-shaped tool. This process keeps the focus on various
considerations such as the durability of the tool, probity of
the work surface, quantity of material detached, amount of
heat generation at the contact of a workpiece with a tool
and particular energy expenditure, these are the things
which relates with an impact on the class of manufacturing
[17-20].

As we know, metal cutting is a high-speed machining
process that elevates the temperature at the interface of
the tool and workpiece. This elevated temperature at the
metalworking cutting zone is caused due to high friction
at the chip-tool and tool-work interface that leads to a
failure of the cutting tool. To overcome this issue, cutting
fluid is utilised at the region of the cutting zone which
gradually decreases the friction and hence tempera-
ture as well as the removal of chips from the machining
zone [21-22]. It has been seen that on utilisation of cut-
ting fluid at the time of machining enhances the life of
the tool, obtains a good surface finish and decreases the
cutting force to be applied on the workpiece. Along with
the use of cutting fluid, there is a negative effect of cut-
ting fluid. It generates environmental and ecological com-
plications as well as cutting fluid disposal, cutting fluid
cost, laying of cutting fluid over the machine, etc [23-24].
From this point of view, many researchers [24-26] execute
metal cutting by utilising disparate techniques and give
a direction in the way of the utilisation of cutting fluids
during machining. When nano-lubrication was not intro-
duced in earlier days, many industries utilise an ordinary
jet coolant method which makes use of a spray of cutting
fluid in the process of metal cutting. This method leads
to many problems like cost increment, microscopic pollu-
tion, reduced accessibility in the machining area, environ-
mental threats, etc. Figure 1 displays the total costs that
are associated with the manufacturing unit. From this,
we see that around 17% of the total cost is related to the
cost of coolant used at the time of metal cutting opera-
tion. It is generally higher than the cost of the tool. Now,
the producer aims the aim of reducing costs and decides
to reduce the total production cost of producing products
as day-by-day competition has increased among the pro-
ducers. This facility will not allow the company to go into
loss [27-29].

Cutting fluids have several uses in the metal cut-
ting procedure, such as creating a lubricating oil coating,
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releasing heat, clearing chips, optimizing the cutting cir-
cumstances, and eventually raising the calibre of the fin-
ished product [30]. MQL has a lot of possibilities for cutting
operations and is a consistent cutting lubricating technique
[31]. Compared with conventional flood cutting, MQL can
provide a superior lubricating effect since it uses just under
ten percent of the flooding cut inventory of cutting fluid
[32]. The MQL instrument is easy to use and has a sim-
ple design that allows it to be placed close to the cutting
machine instrument [33]. Nevertheless, some cutting fluids
that have low heat transfer capacity are unable to fulfil the
cooling needs associated with the cutting procedure when
the quantity of lubricant is lowered. When compressed air
and low-transfer-efficiency lubricants are used together,
they can only remove a limited amount of heat from the
machining region, falling short of the intended cooling
effectiveness [34].

This review delineates a vision of synthesizing existing
knowledge to comprehensively evaluate the potential of

M Machinery Cost
M Tooling Cost

W 5taff Wages Cost
M Coolants

m Other Cost

Figure 1. Different costs associated with the product at the
manufacturing firm.

Table 1. Comparison of different nano-lubricants

nanofluid lubrication in machining processes. Its purpose
is to consolidate and critically analyze the body of research
surrounding nanofluid lubricants in machining, aiming to
discern trends, identify gaps, and propose future directions
for scientific inquiry. From a scientific perspective, the
manuscript endeavours to elucidate the underlying mech-
anisms governing the efficacy of nanofluid lubrication in
improving machining performance, including aspects such
as friction reduction, heat dissipation, and surface quality
enhancement. By synthesizing empirical findings and the-
oretical insights, the aim is to provide a holistic perspective
that informs further experimentation and innovation in the
field, ultimately advancing the understanding and applica-
tion of nanofluid lubricants in machining operations.

Features of Nano-Lubricant

Nano-lubricants offer a plethora of features that revo-
lutionize traditional lubrication mechanisms. Firstly, their
diminutive size allows for penetration into microscopic
crevices, ensuring enhanced surface coverage and reduced
frictional resistance. This leads to smoother operation and
prolonged machinery lifespan [35]. Additionally, nano-lu-
bricants exhibit remarkable thermal stability and oxidative
resistance, mitigating wear and tear even under extreme
operating conditions. Their tailored chemical composi-
tions enable compatibility with diverse materials, minimiz-
ing adverse reactions and deposition. Furthermore, these
lubricants possess superb load-bearing capabilities, main-
taining optimal performance under heavy loads. Overall,
the multifaceted features of nano-lubricants herald a new
era in lubrication technology, promising unparalleled effi-
ciency and durability across various industrial applications
[36]. A lot of research has been done by researchers in the
field of nano-lubricant properties that will be well repre-
sented in Table 1.

Ref No. Nanolubricant Concentration Features Remarks
Hisham et al. [40] CNC-CuO 0.1% to 0.9% with  Stability The wear rates were 33.5% higher.
added SAE Oil Overall, the engine oil’s thermophysical
characteristics and performance were
enhanced by the 0.5% concentration of
CNC-CuO particles.

Zawawi et al. [41]  TiO,/SiO, polyol-ester 0.01 to 0.1% Stability Utilizing 0.03% TiO,-Si02
nanolubricant is advised to attain the
best results.

Al-Janabi et al. [45] MWCNT 0.1% Thermal When comparing the nanolubricant to

conductivity regular oil, a 2%-7% improvement is
seen.

Kole and Dey [48] CuO 0.005% to 0.025%.  Viscosity An increase in viscosity of over three
times

Xie et al. [49] MgO, TiO,, ZnO, Al O3, Si0, 0.5% to 5% Viscosity MgO-EG nanofluid was shown to have

the best characteristics
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Stability

The stability of nano-lubricants is a critical aspect that
determines their efficacy in various applications. Nanofluid,
suspensions of nanoparticles in a base fluid, tends to suffer
from particle agglomeration and sedimentation over time,
compromising their performance. To enhance stability, sev-
eral strategies are employed which are shown in Figure 2.

Surface modification of nanoparticles with suitable sur-
factants or stabilizers can prevent agglomeration by creat-
ing a repulsive force between particles, thereby maintaining
dispersion stability [37]. Ultrasonication and mechanical
agitation techniques are also utilized to break up agglom-
erates and promote uniform dispersion. Additionally,
controlling the pH and ionic strength of the nanofluid envi-
ronment can influence particle stability [38]. Furthermore,
the selection of an appropriate base fluid with compatible
properties is crucial for maintaining stability over pro-
longed periods [39]. By employing these methods, the
stability of nanofluids can be greatly enhanced, ensuring

-
®O

Figure 2. Ways to improve stability of nanofluids.

consistent performance in various industrial and engineer-
ing applications.

Hisham et al. [40] enhanced the stability of CNC-CuO
nanolubricant for a sustainable environment by utilizing
it in internal combustion engines. Zeta potential studies
were used to evaluate the stability of the entire system.
Additionally, fluid lubrication was used in conditions char-
acterized by rapid acceleration and low load, while bound-
ary lubrication was used in situations characterized by low
acceleration and high load to calculate the friction coeffi-
cient as well as the wear rate. A range of nanoparticle con-
centrations varied from 0.1% to 0.9 % were investigated in
conjunction with SAE 40 oil. The zeta potential measure-
ments showed that the stability of the nanolubricant rose
from 0.1% to 0.5% concentration before declining at 0.9%
concentration. In terms of tribological effectiveness, the
CNC-CuO nano lubricants showed appreciable drops in
the coefficient of friction. In blended lubrication, the fric-
tion coefficient decreased between 33% and 44%, while in
boundary lubrication, it decreased between 48% and 50%.

Zawawi et al. [41] utilized TiO,/SiO2 polyol-ester nano
lubricants to experimentally investigate the electrical com-
pressor air conditioning of automobiles. The volume con-
centration varied from 0.01% to 1%. The nanolubricant
improved the heat absorption by up to 44.2% at a volumet-
ric concentration of 0.03%.

Thermal Conductivity

The thermal conductivity of nano lubricants represents
a frontier in material science, offering promising avenues
for enhancing heat transfer efficiency in various engineer-
ing applications [42]. Nanolubricants, composed of a base
lubricant infused with nanoscale particles, exhibit remark-
able thermal properties due to their unique structure and
composition. These nanoparticles, often metallic or car-
bon-based, facilitate more effective heat dissipation by
promoting phonon scattering and enhancing thermal con-
duction pathways within the lubricant [43]. Understanding
and optimizing the thermal conductivity of nano lubri-
cants hold significant implications for improving the per-
formance and longevity of machinery, reducing energy
consumption, and advancing thermal management tech-
nologies in various industrial sectors, from automotive

Factors affecting Thermal
Conductivity

Shape and
Size of
nanoparticle

Concentration
emperature

Ph Value of
Additives

Aspect Ratio

Surfactant

Figure 3. Parameters affecting thermal conductivity of nanofluid.
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engines to electronic devices [44]. As researchers delve
deeper into the intricacies of nano lubricant formulations
and their thermal behaviour, the potential for transfor-
mative innovations in heat transfer science continues to
expand. The main parameters that affect the thermal con-
ductivity of nanofluid are illustrated in Figure 3.

Al-Janabi et al. [45] used MWCNT nano lubricant with
additive surfactants and SL68 oil to check the thermal con-
ductivity enhancement. The conductivity enhancements
of a nanolubricant with additional surfactants were deter-
mined by measuring thermal conductivity. No discern-
ible increase is seen in thermal conductivity measurement
between the various surfactants; nevertheless, a 2% to 7%
enhancement is noted when comparing the nano lubricant
to simple oil.

Viscosity

Nanolubricants, with their incredibly small particle
sizes, exhibit fascinating properties, particularly in terms of
viscosity [46]. At the nanoscale, these lubricants boast sig-
nificantly lower viscosity compared to their conventional
counterparts. This attribute stems from the reduced fric-
tion between individual nanoparticles and the surfaces they
coat. Their diminutive size allows them to penetrate even
the tightest spaces within machinery, forming robust protec-
tive layers that minimize friction and wear. Consequently,
nanolubricants offer enhanced efficiency and longevity to
mechanical systems, making them a promising solution
for industries seeking to optimize performance and reduce
maintenance costs [47].

Kole and Dey [48] used CuO nanoparticles with Hauli
68 gear oil used in automobiles and other machinery. The
volume fraction varied from 0.005% to 0.025%. They found
that, at a CuO volume fraction of 0.025%, the viscosity of

the nanofluids is boosted by around three times compared
to the base fluid, and that it dramatically reduces as tem-
perature rises. Xie et al. [49] used five nanoparticles MgO,
TiO,, ZnO, Al,O;, and SiO2 with EG base fluid. The con-
centration was varied from 0.5% to 5%. They found that
MgO-EG nanofluid was shown to have the best charac-
teristics of all the investigated nanofluids, having the least
amount of viscosity and the greatest thermal conductivity.
The incorporation of nanoparticles into MgO-EG nanoflu-
ids results in a progressive rise in their thermal conductivity
augmentation. The increased value of 40.6% was attained at
a volume fraction of 0.05 for MgO nanoparticles. The vis-
cosity of different nanolubricants is represented in Figure
4 [50].

TRIBOLOGICAL FEATURES OF NANO-
LUBRICANT

The tribological features of nano lubricants present a
captivating realm of study, delving into the intricate dynam-
ics of friction, wear, and lubrication at the nanoscale. These
lubricants, infused with nanoparticles, exhibit remarkable
abilities to modify surface interactions, reduce friction,
and mitigate wear in various mechanical systems [51]. The
nanoparticles, due to their minute size, can infiltrate surface
asperities, forming a robust boundary or tribofilm layer
that effectively separates contacting surfaces and minimizes
direct metal-to-metal contact. This phenomenon results in
significantly reduced friction coefficients and wear rates,
leading to improved efficiency and longevity of machin-
ery. Moreover, nanolubricants demonstrate the potential
to enhance load-carrying capacity, damping vibrations,
and operate effectively under extreme conditions [52].
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Figure 4. Variation of viscosity as the volume fraction of nanoparticles increases in lubrication From Ghosh et al. [50],

with permission from Elsevier.
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Understanding and harnessing the tribological features of
nano lubricants hold promise for advancing the perfor-
mance and reliability of diverse engineering applications,
from automotive engines to manufacturing equipment.

Impact on Coefficient of Friction

The utilization of nano lubricants has emerged as a
promising avenue in tribology, significantly altering the
coefficient of friction in various applications. By inte-
grating nanoparticles into conventional lubricants, these
nanolubricants exhibit remarkable improvements in fric-
tion reduction and wear protection [53]. The impact on
the coefficient of friction of nano lubricants is profound,
as the nanoparticles, typically ranging from a few to hun-
dreds of nanometers in size, alter the lubricant’s properties
at the molecular level [54]. Through mechanisms such as
ball-bearing effect, formation of protective tribofilms, and
reduction of surface adhesion, nanolubricants effectively
decrease friction between contacting surfaces, leading to
enhanced efficiency and longevity in mechanical systems.
Moreover, the tailored design and composition of nanopar-
ticles allow for the customization of frictional properties to
suit specific applications, presenting a versatile solution in
diverse industrial sectors, from automotive and aerospace
to manufacturing and biomedical engineering [55]. The
parameters that affect the coefficient of friction are shown
in Figure 5.

Impact on Wear

Nanolubricants wield a transformative influence on wear
characteristics across a spectrum of mechanical applications.
Infused with nanoparticles that operate at the molecular
scale, these lubricants exhibit a remarkable ability to miti-
gate wear in sliding and rolling contacts [56,57]. The impact
on wear of nanolubricants is profound, stemming from the
nanoparticles’ multifaceted mechanisms, including the for-
mation of robust tribofilms, reduction of surface adhesion,
and inhibition of abrasive wear. By their size and composi-
tion, nanoparticles act as active agents, fortifying the lubri-
cant film and shielding contacting surfaces from deleterious
mechanical interactions. These results in a substantial reduc-
tion in wear rates and surface damage, prolonging the lifes-
pan of mechanical components and enhancing operational

reliability [58]. Furthermore, the versatility of nanolubricants
allows for tailored formulations, catering to specific wear
requirements in diverse industrial sectors, thereby revolu-
tionizing maintenance practices and driving advancements
in tribological science [59].

Azmi et al. [60] used SiO,-TiO,/PVE nanolubricant
to improve tribological features and ultimately the per-
formance of the air-conditioning system. Nanolubricant
concentration was varied from 0.01% to 0.1%. They con-
cluded that at 0.005% volume concentration, nano lubri-
cant demonstrated 25% reduced friction and anti-wear
behaviour. The application of nanolubricant increased the
COP and EER by up to 39.2% and 52.7%, respectively. The
wear scarred diameter size is in line with the frictional coef-
ficient’s pattern. Conversely, a reduced worn scarred diame-
ter results from a lesser coefficient of friction value.

DIFFERENT TYPES OF MACHINING OPERATIONS
USING NANOFLUID UNDER MQL TECHNIQUE

Machining operations utilizing nanofluid under the
MQL technique represent a cutting-edge approach in the
realm of manufacturing [61]. This innovative method incor-
porates nanofluids, and suspensions of nanoparticles in base
fluids, to enhance machining performance. Various types
of machining operations can benefit from this advanced
technique, including turning, milling, drilling, and grind-
ing. Nanofluids, owing to their unique properties such as
improved lubrication, cooling, and heat dissipation, offer
significant advantages over conventional cutting fluids [62].
The MQL technique minimizes the consumption of lubri-
cants while maximizing machining efficiency and tool life,
making it an environmentally sustainable and economically
viable option for precision machining applications across
diverse industries [63]. Figure 6 represents the MQL test
setup that is utilized for different machining operations.

Drilling Through MQL Technique

Drilling through the MQL technique is a cutting-edge
approach that revolutionizes the conventional drilling
process. By utilizing minimal amounts of lubricant, MQL
reduces environmental impact while enhancing drill-
ing efficiency and precision [64]. This technique involves

Factors affecting Coefficient of
Friction in Nanolubricant

Shape and
Size of Nanoparticle Chemistry and
nanoparticl Concentration Roughness of
o Nanoparticles

Surafce

ShearRate
between
Fluid and
Surface

Temperature
Distribution
withinthe
System

Basefluid

Properties

Figure 5. Factors that affect the coefficient of friction in a nano-lubricant.
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Figure 6. Schematic view of experiment on MQL set-up.

delivering a small, controlled quantity of lubricant directly
to the cutting zone, where it effectively reduces friction,
heat, and tool wear. MQL drilling offers numerous bene-
fits, including improved surface finish, extended tool life,
and reduced energy consumption compared to traditional
flood cooling methods [65]. Additionally, MQL minimizes
the formation of hazardous machining by-products and
eliminates the need for extensive coolant management sys-
tems, making it a sustainable and cost-effective solution
for various drilling applications in industries ranging from
automotive and aerospace to medical device manufacturing
[66].

- Tool
1MoL ! Rotation
1 L-'!\‘ET_I
MNozzle—

Luobgrcateon

paicles a — Tool

Work

Drilling is a very common machining operation used to
make holes in different materials by utilizing a rotating cut-
ting tool well known as a drill bit that is pushed to counter
the workpiece to clear away the material and make a hole
[67]. Mostly the drill bit is made of steel and carbide and
comes in different sizes so that it can make holes of dispa-
rate diameters and depths. During the drilling process, the
bit tends to rotate at high speed along with the axial load,
and force is applied to it. Nano-lubrication is done in the
cutting zone. This operation can be done by two different
MQL lubrication systems are internally through the tool
and externally sprayed on the tool. Whenever the surface

Tool
Nano-Lubrication

Figure 7. (a) MQL system setup for external lubrication (b) Visualization of MQL between tool-workpiece on performing

drilling. Reproduced from Hisham et al. [40] by the authors.
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quality of the hole in a drilling operation is compromised
then the MQL lubrication can be done externally as illus-
trated in Figure 7(a) [40]. If you need better surface quality
then you can go with the internally applied MQL technique
as illustrated in Figure 7(b).

To reduce the cost of the best drilling operation and
keep the point of environmental factor in mind palm oil
can be used in place of synthetic oil. Jayal et al. [68] evalu-
ated the health effects and performance of machining using
cutting fluid in the drilling application of A390.0 alumin-
ium alloy. They proposed the scope for developing a spe-
cial cutting fluid for drizzling lubrication which has greater
latent heat of vaporization. The high aerosol concentration
tends to change the atomization properties of cutting fluid
during drizzling lubrication. On behalf of this, they suggest
developing a cutting fluid whose atom size range lies in the
range that does not affect human health. They suggest using
a diamond tip tool whenever the drilling of aluminium is
performed over 2000 holes.

Khanafer et al. [69] examined the thrust forces, tool wear,
and burr growth of a micro-drilling operation utilizing a
MQL-nanofluid in contrast to pure MQL and flood cool-
ing. The identical cutting variables, drilling instrument, and
machining atmosphere were used for the MQL and the flood
cooling in micro-drilling studies utilizing Inconel 718. When
utilizing MQL-nanofluid instead of pure MQL and flood cool-
ant, the thrust forces were found to be lowered, according to
the findings. It was demonstrated that the unforeseen breakage
of the micro drilling tool, the outermost corner destruction,
and the flank wear were reduced when micro-drilling Inconel
718 superalloy utilizing MQL-nanofluid. Al,O;-containing
MQL-nanofluids can enter the drilling domain more effec-
tively, enabling the nanoparticles to produce a ball-bearing
impact between their substance and the instrument that may
greatly lessen thrust forces and friction.

Pal et al. [70] investigated the drilling effectiveness of
AIST 321 stainless steel including cutting fluid that uti-
lized vegetable oil under various MQL techniques. In
comparison to pure MQL conditions, the experimental
results showed that MQL drilling with 1.5 weight per-
cent of graphene nanoparticles significantly decreased the
thrust force by 27.4%, torque by 64.9%, surface roughness
(33.8%), and friction coefficient by 51.7% at the 30th hole.
It also increased the tool’s lifespan. In summary, adequate
concentrations of graphene nanoparticles in the nanofluid
MQL drilling may enhance drilling properties by improv-
ing lubrication capability and lubrication surface durability.

Cetin et al. [71] examined the cutting forces and sur-
face characteristics of newly invented nano-silver-added
cutting fluids when drilling AIST 304 steel. SEM, XRD, and
3D topography were employed to both visually and analyt-
ically assess the drilling surfaces. The experimental find-
ings demonstrated that a vegetable-based cutting fluid with
nanosilver added outperforms boron fluid by about 15%
when it comes to surface roughness reduction. The surface
roughness was positively impacted by a decline in viscosity;

However the cutting forces were not significantly changed.
The addition of nanosilver to pH values has been seen to
increase corrosion resistance and enable secure utilization
of cutting fluids concerning worker health.

Turning Through MQL Technique

Turning through the Minimum Quantity Lubrication
(MQL) technique revolutionizes machining processes by
significantly reducing lubricant usage while enhancing
efficiency and sustainability. Unlike traditional flood or
spray cooling methods, MQL delivers a precisely controlled
amount of lubricant directly to the cutting zone, minimizing
waste and environmental impact [72]. This technique utilizes
a fine mist or aerosol of lubricant, optimizing its application
to the tool-workpiece interface, thus reducing friction, heat
generation, and tool wear. MQL not only improves machin-
ing performance but also promotes cleaner working environ-
ments by eliminating excess coolant runoff. Embracing MQL
represents a paradigm shift towards greener manufacturing
practices, aligning with the growing emphasis on sustainabil-
ity in industrial operations [73].

Thakur et al. [74] analysed the machining executions;
cutting effort (force), roughness and temperature of cutting
at the time of turning performed on EN24 (alloy steel) by
utilising the MQL technique with SiC-established nanoflu-
ids. The weight % of nanoparticles was varied from 0.5 wt%
to 1.5 wt%. Their findings showed that when the weight per-
centage of NPs rises, so does the thermal conductivity of SiC
nanofluids. At 1.5 weight percent of NPs, the maximum ther-
mal conductivity was detected. SiC-based nanofluids exhibit
a decreasing specific heat as the weight percentage of NPs
increases, with the lowest specific heat seen at 1.5 wt% NPs.
Das et al. [75] investigated cutting effectiveness and compar-
ative evaluation towards machinability augmentation during
hard turning of HSLA- AISI 4340 steel utilizing four different
nanofluid combinations via MQL technology. Al,O;, CuO,
and Fe,O; were used to generate three sets of nanofluid spec-
imens with rice bran oil, and their varied characteristics were
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Figure 8. Variation of Cutting force with run number for

three different nanofluids [From Das et al. [75], with per-
mission from Elsevier].
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examined at a concentration of 0.1%. Figure 8 compares the
cutting forces of three nanofluids. Friction reduces when a
fluid or lubricating film forms.

There will be less material adhesion when friction drops.
Because the cutting edge and the edge’s retention with the
lubricating film’s sharpness have a significant impact on the
material’s adherence. Thus, aluminium oxide-based cool-
ant was shown to have more material adhesion than copper
oxide-based coolant. Thus, more cutting force is encour-
aged by greater material adhesion. Additionally, the high
thermal conductivity of copper-based nanofluid acceler-
ates the rate of heat dissipation, protecting the cutting edge
from heat-induced deformation and resulting in a decrease
in force magnitude.

Hadad and Sadeghi [76] used the MQL technique to
examine the impact of process variables on the turning of
AISI 4140 steel alloy. They concluded that MQL machin-
ing outperforms dry and traditional machining when cut-
ting fluid is supplied in a flood manner. This is because
MQL works to improve chip-tool interaction, preserve
cutting-edge precision, and reduce machining tempera-
tures by decreasing cutting forces. The primary cause of
the enhanced surface finishes was the utilization of MQL,
which reduced corrosion and wear at the tooltip.

Ramanan et al. [77] utilized Al,O; in the MQL system
for the face turning of Incoloy 800. They concluded that
the major influence on chip thickness is particular cut-
ting. In comparison to ordinary coolant, it was discovered
that applying 1% Al,O; nanoparticle to the cutting fluid
significantly improved its wettability characteristic. This
decreased cutting forces in both directions and prepared
the way for a reduction in the specific cutting energy.

Milling through MQL Technique

Milling through the MQL technique represents a par-
adigm shift in machining methodologies, emphasizing
efficiency, sustainability, and cost-effectiveness. Unlike tra-
ditional flood coolant methods, MQL delivers a precisely
controlled stream of lubricant directly to the cutting zone,
significantly reducing fluid consumption while enhanc-
ing machining performance [78]. By minimizing coolant
usage, MQL mitigates environmental impact and reduces
waste disposal challenges, making it an eco-friendly solu-
tion. Moreover, MQL improves tool life and surface finish
by reducing heat generation and friction during the mill-
ing process [79]. Its precision application ensures optimal
lubrication exactly where it’s needed, maximizing produc-
tivity and minimizing downtime. As industries increasingly
prioritize sustainability and operational efficiency, MQL
emerges as a transformative technique revolutionizing
milling operations worldwide [80]. Many investigations are
performed to give the best suitable cutting fluid.

Rahmati et al. [81] employed an experimental setup
depicted in Figure 9 to perform research using a MoS2-
based nanofluid as a lubricant during a milling process on
AL6061-T6 alloy. According to their research, 0.5 weight

percent of nanoparticles in oil, 4 bars of air pressure, and
a 60° nozzle alignment angle yield the highest level of sur-
face roughness. A concentration of 0.5 weight percent of
nanoparticles in the mineral oil, a greater air stream pres-
sure of 4 bars, and a 30° nozzle alignment angle are required
to attain the minimal cutting temperature.

Muaz and Choudhury [82] looked into the use of solid
lubricant-assisted cutting fluids in the MQL for nano-fin-
ishing of AISI 4340 steel utilizing TiICN/AL O,/TiN chem-
ically vapour-coated carbide tungsten inserts during the
flat end milling operation. According to their findings, the
viscosity of the metal-working fluid was a significant factor
in ensuring that the MQL process was properly lubricated.
The tiny droplets exiting the MQL nozzle were able to eas-
ily penetrate the region being machined because of the
fluid’s low viscosity. Compared to the flooded lubrication,
in which high-viscosity fluids functioned better because a
thick and durable lubricating film developed, lower-viscos-
ity fluids were most appropriate for MQL.

Kilincarslan and Cetin [83] conducted a thorough inves-
tigation into the tribological characteristics of cutting fluids
that contained boric acid and nano-silver during the mill-
ing of AA7075-T6 material. The cutting fluid made with
BA and nAg in an EG medium reduced surface roughness
by 14.59% higher than the nAg and EG combination and
by 5.27% higher than the BA and EG combination, based
on the results. Furthermore, it was noted that the cutting
forces of EG + BA + nAg were 0.846% and 0.115% lower,
respectively, than those of EG + nAg and EG + BA.

Sirin and Kivak [84] utilized three different hybrid
nanofluids such as hBN-Grpt, hBN-MoS,, and Grpt-
MoS, to the MQL milling performance of Inconel X-750
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Figure 9. Experimental setup for milling operation. Repro-
duced from Rahmi et al. [81] by the authors.
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Figure 10. Simplified representations of the workpiece and aggravating in grinding operation (a) Wheel grinding (b) belt
grinding. Reproduced from Madarkar et al. [86], Hou et al [87] by the authors.

superalloy. The feed rate during the machining operation
was varied from 0.05 to 0.15 mm/rev and cutting speed
was varied from 30 to 60 m/m. The studies” findings led
to the understanding that the hBN-Grpt hybrid nanofluid
functioned better across the board than the hBN-MoS,
and Grpt-MoS, circumstances. In comparison to Grpt-
MoS, and hBN-MoS, nanofluids, correspondingly, hBN-
Grpt hybrid nanofluid demonstrated a 36.17% and 6.08%
increase in tool life.

Jamil et al. [85] utilized Al,O,-MWCNT hybrid nano-
fluid to enhance the machinability performance for the
milling of Ti-6Al-4V through MQL. The results indicate
that at a nanofluid volume fraction of 0.24wt% and 120
mL/h of discharge at 0.6 MPa of air pressure, the lowest
consequence force, cutting temperature, and roughness of
the surface are, respectively, 24.3 N, 148.7 °C, and 0.67 um.

Grinding Through MQL Technique

Grinding is a machining operation that is used to
detach the material from a workpiece by utilizing an
aggravating wheel or belt as shown in FigurelO(a) [86]
and Figure 10(b) [87] which gives a straightforward and
accurate surface finish. Whenever a high tolerance is
required on the hardened material this operation is uti-
lised in the best manner. In the grinding procedure, the
aggravating wheel or belt makes contact with the work-
piece and removes small material chips through a mixture
of rubbing, cutting and shearing steps. As per the require-
ment of the surface finish of the workpiece, different
grinding machines are utilised such as centerless, surface
and cylindrical grinders [88]. This operation has the abil-
ity that provide dimensional control and high accuracy
on the workpiece. To increase the surface quality many
researchers have performed grinding through the MQL
technique which some discussed below.

Yang et al. [89] used carbon nanotube, SiO,, Fe,0;, and
hydroxyapatite nanofluids with mass fractions of 2%, 4%,
6%, 8%, and 10%, respectively, to conduct a nanoparticle
jet MQC grinding test. They concluded that, within a spe-
cific mass fraction span, the cooling impact of nanofluids
exhibits an inversely proportional connection with mass
proportion; however, outside of this span, the association
is proportionate. The critical mass percentages vary across
various types of nanoparticles.

Balan et al. [90] have performed MQL grinding of
Inconel 751, using oil mist. According to their research,
improved grinding efficacy can be achieved under the MQL
circumstances if the minimum order oil flow rate is met
along with increased pressure. Higher force and roughness
are the result of decreased air pressure and flow velocity,
even at lower temperatures. The research also shows how
important flow rate is in MQL grinding from a quantita-
tive standpoint. A minimal level of surface roughness and
grinding force can be obtained in MQL by raising the air
and fluid pressure levels.

In the externally performed cylindrical plunge grinding
of AISI 4340 steel employing an aluminium oxide grinding
wheel, Lopes et al. [91] assessed the standard MQL imple-
mentation, MQL with cooled air (MQL+CA) and sup-
ported by a wheel cleaning jet (MQL+W(C]), and compared
them with the traditional approach with prevalent fluid.
The results of the investigations demonstrated that, across
all examined factors, the traditional approach yielded the
best outcomes. Additionally, MQL+WC] and MQL+CA
performed better than every result from regular MQL,
demonstrating the value of these environmentally friendly
methods and their industry application. Furthermore, the
MQL+WC]J approach outperformed the MQL+CA, yield-
ing nearly identical results when compared to the tradi-
tional method.
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CONCLUSION

This review provides a comprehensive examination
of the utilization of nanofluid lubricants in machining
processes from both sectoral and academic viewpoints.
Through an in-depth analysis of existing literature, it has
been established that nanofluid lubrication offers sig-
nificant potential to enhance machining efficiency, tool
life, and surface quality while mitigating environmental
impacts. From an academic perspective, the manuscript
contributes to the understanding of the fundamental
mechanisms underlying nanofluid behaviour in machin-
ing, thereby paving the way for further research and devel-
opment in this field. Moreover, from a sectoral standpoint,
the insights presented in this review can inform industry
practitioners about the feasibility and benefits of integrat-
ing nanofluid lubrication into their machining operations.
By bridging the gap between academia and industry, this
manuscript serves as a valuable resource for advancing the
adoption of nanofluid lubricants in machining processes,
ultimately driving innovation and sustainability in the
manufacturing sector. The following conclusions are drawn
from this review article:

» Nanofluid lubrication applied through the Minimum
Quantity Lubrication (MQL) technique offers enhanced
lubrication efficiency compared to traditional cutting
fluids, leading to reduced friction and wear during
machining operations.

» The utilization of nanofluid lubrication via MQL helps
in minimizing the consumption of cutting fluids, thus
reducing waste generation and environmental pollution
associated with machining processes.

» Nanoparticles dispersed in the lubricant contribute to
the formation of a protective boundary layer on cutting
tool surfaces, resulting in prolonged tool lifespan and
reduced tool replacement frequency.

» Nanofluid lubricants improve surface finish quality by
reducing machining-induced defects such as burrs and
built-up edge formation, leading to higher precision
and smoother surface textures.

» The efficient utilization of nanofluid lubrication
through the MQL technique can lead to cost savings by
reducing the consumption of expensive cutting fluids
and minimizing maintenance requirements for machin-
ing equipment.

» The promising benefits demonstrated by nanofluid
lubrication through the MQL technique suggest its
potential for widespread adoption in industrial machin-
ing operations, offering a sustainable and cost-effective
alternative to conventional cutting fluids.

Future Recommendation
Some future recommendation of this review article is

mentioned below:

> Investigate the effects of different types, sizes, and
concentrations of nanoparticles on the performance
of nanofluid lubrication in machining operations via

MQL. This exploration can help identify the most effec-
tive nanoparticle configurations for specific machining
processes and materials.

» Conduct comprehensive tribological studies to better
understand the mechanisms governing the interaction
between nanoparticles and the machining environment.
This will aid in elucidating the underlying friction and
wear mechanisms and optimizing the lubrication per-
formance of nanofluid MQL systems.

» Evaluate the environmental impact and sustainabil-
ity aspects of nanofluid lubrication through the MQL
technique compared to traditional cutting fluids. This
assessment should consider factors such as resource
consumption, waste generation, and overall ecological
footprint to provide a comprehensive understanding of
the environment.

» Explore the potential for integrating nanofluid lubri-
cation with advanced machining techniques such as
high-speed machining, hard machining, and multi-axis
machining. Optimizing the synergy between nanofluid
lubrication and these processes can further enhance
machining efficiency, surface quality, and tool life.

> Investigate the scalability and feasibility of implement-
ing nanofluid lubrication through the MQL technique
in large-scale industrial machining operations. This
research should address practical challenges such as
nanoparticle dispersion stability, system reliability, and
cost-effectiveness to facilitate the widespread adoption
of this technology in manufacturing industries.

» Develop advanced monitoring and control systems
capable of real-time assessment and adjustment of
nanofluid MQL parameters during machining opera-
tions. This will enable adaptive optimization of lubri-
cation conditions based on dynamic changes in cutting
conditions, material properties, and tool wear, leading
to improved process stability and performance.

» Develop advanced computational models to simulate
the behaviour of nanofluid lubricants at the nanoscale
and predict their performance in macroscopic machin-
ing processes. Integrating computational fluid dynam-
ics (CFD) with molecular dynamics (MD) simulations
can provide valuable insights into the underlying mech-
anisms governing nanofluid behaviour under cutting
conditions.

ABBREVIATIONS

BA Boric acid

CA Cooled air

COoP Coefficient of performance
EER Energy efficiency ratio

EG Ethylene glycol

GDP Gross domestic product
Grpt Graphite

HSLA High strength low alloy
hBN Hexagonal boron nitride
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MQC Minimum quality cooling
MQL Minimum quality lubrication
MWCNT Multi-walled carbon nanotubes
NP Nanoparticles

nAg Nano-silver

W(J Wheel cleaning jet
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