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Abstract. In any metal cutting machining operation, the cutting ﬂuid plays important role by cooling the
cutting tool and the surface of the work piece, also chips are removed from heat affected zone. However, misuse of
the cutting ﬂuid and wrong methods of its disposal can affect human health and the environment badly. This
paper presents a review of the important research papers published regarding the MQL-based application of
mineral oils, vegetable oils and nano ﬂuid-based cutting ﬂuids for different machining processes, such as, drilling,
turning, milling and grinding, etc. Most of the experimental studies have shown that application of MQL
produces surface better than the ﬂood and dry machining. In turning operation, parameters such as cutting
speed, depth of cut, feed rate and tool nose radius have great impact on the surface ﬁnish. During high speed
turning of steel inherently generates high cutting zone temperature. Such high temperature causes dimensional
deviation and failure of cutting tools, surface and subsurface micro cracks, corrosion etc. Therefore, with proper
selection of the MQL system and the cutting parameters, it is possible for MQL machining with minimum cost
and less quantity of coolant to obtain better conditions, in terms of lubricity, tool life, cutting temperature and
surface ﬁnish. The ﬁndings of this study show that MQL with nano ﬂuid can substitute the ﬂood lubrication for
better surface ﬁnish.
Keywords: Minimum quantity lubrication / nano ﬂuid / machining / surface roughness etc.

1 Introduction
In recent times, modern machining industries are trying to
achieve high quality, dimensional accuracy, surface ﬁnish,
high production rate and cost saving along with reduced
environmental impact. In the machining process, one of the
commonly carried out operations is a turning. It can be
carried out on variety of machines like lathe, special
purpose machine or CNC machine. The quality of turning
is measured in terms of tolerances and roughness of surface.
Surface ﬁnish is a quality speciﬁed by customer for
machined parts [1]. There are many parameters that affect
surface roughness, but most are difﬁcult to quantify
adequately. In turning operation, parameters such as
cutting speed, depth of cut, feed rate and tool nose radius
have great impact on the surface ﬁnish [2]. The turning
operation seems very simple; through high speed turning of
steel inherently generates high cutting zone temperature.
Such high temperature causes dimensional deviation and
premature failure of cutting tools. It also impairs the
surface integrity of the product by inducing tensile residual
*e-mail: pb.patole@rediffmail.com

stresses and surface and subsurface micro cracks in
addition to rapid oxidation and corrosion [3].
A cooling lubricant is used in turning operation to
reduce friction at tool chip and work piece interface.
However, in high speed machining, conventional cutting
ﬂuid application fails to penetrate the chip tool interface
and thus cannot remove heat effectively The lubricant has
a strong effect on machined surface quality and tool wear.
The costs related to cutting ﬂuid represent a large amount
of total machining cost; also cause health of machining
operator and correct disposal [4]. However, at present
complete elimination of cutting ﬂuid is not possible. An
alternative to conventional ﬂood machining is the
application of cutting ﬂuids, in very small quantities to
the small area where actual machining takes place. This
technique is known as minimum quantity lubrication
(MQL). In MQL the heat removal can be done and it also
provides sufﬁcient lubrication to prevent the generation of
heat and reduces environmental impact [5].
The recent development of nano ﬂuids provides alterative cutting ﬂuids which can be used in MQL machining.
The advanced heat transfer and tribological properties of
nano ﬂuids can provide better cooling and lubricating in the
MQL machining process, and make it production-feasible.
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With proper selection of the MQL system and the cutting
parameters, it is possible for MQL machining with minimum
cost and less quantity of coolant to obtain better conditions,
in terms of lubricity, tool life, cutting temperature and
surface ﬁnish [6]. Demand for better surface ﬁnish and
accuracy has been increasing rapidly in recent years. To
improve the surface characteristics from micro level to nano
level, nano ﬂuids are useful in the machining process.
1.1 Need for advanced coolant and cooling technique
In the present scenario, the metal cutting industries are
shifting towards good dimensional accuracy, achieve
quality surface ﬁnish, and cost saving with reduced
environmental impact. Also, metal cutting industries are
trying to design of manufacturing products with increased
variety and low volumes. With the advancement of
machine tools and cutting tools better surface ﬁnish is
ensured but efforts are required for cost reduction. It is
reported that about 16–20% cost is involved in lubrication
system which can be reduced. Therefore, use of advanced
coolant and cooling techniques is required to achieve better
surface roughness, tool life and maintain the degree of
cutting temperature and cutting force. Traditionally, the
conventional cooling system is designed for machining such
as to carry away the heat and improve machining
characteristics. However, such ﬂood cooling systems have
some limitations and drawbacks are as follows:
– The costs related to cutting ﬂuid represent a large
amount of total machining cost and have a problem of
coolant disposal [5].
– Conventional cutting ﬂuid method fails to penetrate the
tool chip interface and cannot be removed heat
effectively [6].
– High temperature causes dimensional deviation and
premature failure of cutting tools [4].
– High temperature induces tensile stresses into the surface
integrity of the product and surface micro cracks [4].
There are two approaches to minimize the above
problems and reduce the cooling cost are as follows:
– Selecting suitable lubricating system such as Minimum
Quantity Lubrication.
– Selecting suitable coolant having better lubricating
properties such as nano ﬂuid.
In the high variety and low volume production system,
MQL with nano ﬂuid is becoming a prospective way of
reducing the unit cost of the product. MQL with nano ﬂuid
technique reduces cooling cost, environmental effect and
problem of disposal as compared to conventional ﬂood
system. The MQL with nano ﬂuid lubrication system must
be readily adaptable, must be able to accommodate in the
machining operation. Therefore, MQL with nano ﬂuid is one
of the promising cooling systems and need to be explored.

2 Literature review on different cooling
systems
In the machining process, research of advanced coolant and
cooling technique is required. Research into the machining

ﬁeld is mainly driven by the need to improve cutting and
cooling techniques. Such a research study in machining
may further results into improvements in the productivity,
and efﬁciency of production. Many researchers have
reported effects of cutting parameter on surface roughness,
different cooling systems with conventional cutting ﬂuids
in machining processes. The aim of the present research
work is to study the effect of process parameters under
Minimum Quantity Lubrication mode with nano ﬂuid. The
literature review is broadly classiﬁed under the following
categories such as dry, conventional ﬂood and MQL
system. The review of the effect of lubrication system on
the machining of speciﬁc material alloy steel AISI 4340 is
also presented.
2.1 Dry system
The literature review carried out related to the dry system
is as follows:
Huang and Liu (2003), have studied the research work
of machining characteristics and surface integrity of
advanced ceramics, including alumina, under high speed
deep grinding conditions. The excess material removal in
the grinding of alumina-titania was dominated by grain
dislodgement. It was observed that at a feed rate of
500 mm/min and an increase in the wheel depth of cut
from 0.1–2 mm improved the ground surface ﬁnish [7].
Mauvoisin et al. (2003), have developed a drilling method
for the measurement of the hardness for surface heat
treated steels was based on the proportionality between
material hardness and drilling thrust. The parameters
other than hardness related parameters to the material can
improve the cutting thrust level. In the research work, to
study the inﬂuence of the microstructure, the ductility, the
toughness and the work hardening of material on the
drilling thrust, a few tests were carried out. Tensile and
impact tests were carried out on various materials [8]. Xie
et al. (2006) have performed the experimental work on
titanium alloy in dry machining. The authors have studied
the effect of process parameters such as feed rate; cutting
speed, depth of cut on cutting temperature and cutting
force. In the analysis, the authors found that higher depth
of cut produces maximum cutting force. They have shown
cutting temperature factor affects on tool life [9]. Devillez
et al. (2007), has chosen the orthogonal cutting process for
the research work. In the research work the cutting forces
and feed components were measured. The cutting ratio was
shown to be as an indicator of tool wear. The tool wear were
analyzed by using white light interferometer and scanning
electron microscopy. The ability of the different coatings to
increase the carbide tool performance was analyzed. The
results obtained from uncoated tools were compared with
coated tools under the similar conditions of machining [10].
Li et al. (2007) have studied the effect of process
parameters on medium carbon steel material in dry
machining. The authors determined the temperature rise
and tool wear while turning operation of medium carbon
steel by high-speed steel cutting tool at various depth of
cut. The spindle speed and feed rate have been kept
constant. It was observed that the air ﬂow rate has a
signiﬁcant role on tool life than the oil ﬂow rate under MQL
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Fig. 1. Comparison of average values of surface roughness against varying speeds and feed rates (Kelly and Cotter [22]).

conditions in the research work [11]. Sripathi (2009)
discussed that oblique machining can be modiﬁed to form a
tube turning orthogonal system for the ease of understanding, modeling, and analysis of forced component. Orthogonal tube turning experiments have been performed to
measure the variables such as cutting forces, chip
geometry, shear cutting temperature [12]. Nalbant et al.
(2009) have performed the research work on material AISI
1030 steel in dry machining with a constant depth of cut.
They also studied the effect of cutting parameters on
surface roughness. The researchers concluded that feed rate
plays an important role in achieving good surface
roughness. The surface roughness value has been determined by the ANN with acceptable accuracy [13]. Jawahir
et al. (2011), have reported recent progress in theoretical
and experimental results on surface integrity in metal
cutting processes. Therotical and Experimental techniques
for measuring different surface parameters were presented.
Results from a Round Robin Study on surface parameters
such as roughness and hardness, in grinding, turning, and
milling were then presented [14]. Laval et al. (2012) have
carried out the experimental work on AISI202 in dry
machining and studied the effect of process parameters
such as cutting speed, feed rate and depth of cut on surface
roughness. It was found that during high-speed turning
operation maximum temperature generated [15]. Sharma
and Pandey (2015), have been developed hybrid textures
on carbide inserts. The experimental investigations have
been performed to study the effect of differently textured
cutting inserts while machining 4340 hardened steel. CaF2
has been used as a solid lubricant to self-lubricating in
nature. The comparative analysis showed the cutting
forces, the roughness of the machined work piece and chip
thickness ratio gets signiﬁcantly reduced by using the
developed cutting inserts [16]. Pramanik and Guy (2015),
concluded that the deformation in machining of titanium
alloys was critical and cause basic problems, such as high
stress on cutting tool, saw tooth chips, more temperature,
and poor tool wear undercut parts. These tasks were
affected by each other. Also, it was observed that saw tooth
chips cause variation in thrust cutting forces which results
in cyclic stress on machine and cutting tools. The less

thermal conductivity of titanium alloy causes for temperature rise. Thus, improvements in turning of titanium alloy
depend on the inherent properties of the alloy [17].
2.2 Conventional ﬂood system
The literature review carried out related to ﬂood system is
as follows:
Sahoo and Sahoo (2013) carried out the research work
deals with machinability studies on cutting forces, surface
ﬁnish, and ﬂank wear in ﬁnish turning of AISI 4340 steel.
The authors found that the turning forces are observed to
be lower as compared to uncoated carbide insert [18]. Dahu
et al. (2013), have performed the experimental work and
focused on the tool wear characteristics in the machining of
nickel-based super alloys. The authors concluded that to
control the tool wear and its life, tool coating, tool
materials, tool geometry, cutting parameters has been
veriﬁed to be effective. It has been found that tool wear
control is not only related to the machining time but also
closely associated with the geometrical parameters of the
tool. Also, tool wear depends on the cutting parameters and
the physical and chemical properties of work piece
material. Moreover, the cooling methods and the cutting
ﬂuid types are employed to effectively control tool wear
[19]. Debnath et al. (2015) have performed the experimental work related to the developments in bio-based cutting
ﬂuids by using various vegetable oils in machining. The
authors found that the bio-based cutting ﬂuids have
signiﬁcantly reduced the ecological problems caused by
mineral-based cutting ﬂuids. These cooling methods
minimized the quantity of cutting ﬂuids used in machining
operation during cutting performances compared to wet
cooling systems [20]. Simunovic et al. (2015) have
concluded that the inﬂuence of input variables such as
depth of cut, speed, and feed rate on the surface roughness
of structural steel. The authors have obtained the result of
better quality of surface roughness in dry and cooling
machining processes than in low-pressure ﬂood cooling.
The authors also found that in low-pressure ﬂood cooling
suppressing chips on the tool edge occurs as well as
vibrations and increase the surface roughness value [21].
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Fig. 4. Contact length values for MQL and compressed air at
different speeds (six grov) (Tasdelen et al. [5]).
Fig. 2. Average auxiliary ﬂank wearVs time under dry, wet and
MQL conditions (Dhar et al. [3]).

Fig. 3. Tool ﬂank wears under dry and MQL conditions (feed is
1 mm/rev) (Li et al. [11]).

2.3 MQL system
The literature review carried out related to MQL system is
as follows:
Kelly and Cotter (2002) have done the experimental
work on material aluminum alloy in MQL mode. By using
cutting speed, feed rate and depth of cut process
parameters they have analyzed response variables cutting
temperature and chip morphology. By carrying out the
experimental work the researchers found that at lower feed
rate better surface roughness can be achieved. Figure 1
shows comparison of average values of surface roughness
against varying speeds and feed rates [22].
Dhar et al. (2006), from result analysis they have shown
the growths of average auxiliary ﬂank wear Vs with time of
machining of the steel under dry, wet and MQL conditions
in Figure 2. The nature of growth of VS matches with that
of VB expectedly. The application of MQL has reduced VS,
which is expected to provide better surface ﬁnish [4].
Ming Li et al. (2007), have studied the effect of process
parameters on medium carbon steel material in dry
machining and they determined the tool wear and
temperature rise during turning operation of medium
carbon steel by high speed steel cutting tool at different
depth of cut, spindle speed and feed rate has always being
constant. The reductions of tool ﬂank wear lengths in MQL
cutting compared to dry cutting are about 68% under all
cutting speeds in this paper after cutting 96 mm long work

Fig. 5. Chip up-curl (12 grooves) for: (A) compressed air and
(B) MQL (Tasdelen et al. [5]).

material. It is practical to presume the maximum tool ﬂank
wear of the micro-tools utilized in this study is according to
Figure 3 [11].
Tasdelen et al. (2008), this research work deals with
experimental work on 100Cr6 Steel material in MQL by
using cutting parameters cutting velocity, feed rate and
depth of cut. They analyzed chip morphology and calculate
the metal removal rate. Figure 4 is the summary of the
contact length measurement comparison. The difference
between MQL and compressed air that resulted in different
contact length was also observed in the chip shape. The oil
droplets affect the contact in the beginning of chip
formation that results in smaller radius of curvature in
the head of the chips, as shown in Figure 5 [5].
Khan et al. (2009) studied the effects of MQL using
vegetable oil-based cutting ﬂuid on the turning performance AISI 9310 alloy steel as compared to wet and dry
machining. Based on the results and experimental investigations MQL provided signiﬁcant improvements, related
to tools wear and surface ﬁnish. The MQL system enables
to reduce chip-tool interface temperature up to 10% as
compared to wet machining method. Surface roughness
improved due to the reduction of wear by the application of
MQL [23] Different cooling techniques are shown in
Figure 6. Sharma et al. (2009) worked on cooling
techniques for improved productivity in turning (AISI
4340) such as minimum quantity lubrication, cryogenic
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Fig. 6. Different cooling techniques (Khan et al. [23]).

cooling, compressed air cooling etc. This research article
also presents an overview of the techniques such as neardry machining, MQL, high-pressure coolant, compressed
air cooling, cryogenic cooling, and the use of solid
lubricants. The authors concluded that these methods
were useful in a reduction in heat and friction at the cutting
zone [24].
Obikwa et al. (2009) have used Inconel 718 material in
the experimental work with oil mist spray and studied the
effect of cutting parameters on surface roughness. The
authors concluded that low feed rate and spindle speed
produce better surface roughness [25]. Abdul Hasib et al.
(2010), carried out the research work to develop a mist
application device to apply cutting ﬂuid for turning
operation of medium carbon steel. It is found that at high
cutting speed, depth of cut and at constant feed rate the
tool wear and temperature during turning operation is
maximum. Also mist application system with the present
technique has reduced ﬂank wear and improves tool life.
The Figure 7 shows the effect of mist application on turning
zone temperature under different speed and depth of cut as
compared to dry and ﬂood conditions [26].
Kug Young et al. (2010) presented the work on the
investigation into the MQL and wet turning process of AISI
1045 material. The objective of this research work is to
suggest the experimental model in order to predict the
cutting force and surface roughness. From experimental

Fig. 7. Temperature Vs Depth of Cut (Spindle Speed = 320
RPM) (Obikwa et al. [25]).

work cutting force and surface roughness were measured
and the measured data analyzed by regression analysis.
Figure 8 shows the difference of principal cutting force in
MQL and wet turning processes. Experiments 6, 7, 14, 16,
17 and 27 show higher cutting force and their results are
different from those of the experiment condition that have
poor surface roughness. In the case of higher cutting force,
experiments 14, 16, 17 and 27 have the same feed rate
(0.2 mm/rev) and depth of cut (1.2 mm). Experiments 20,
21 and 28 show a lower cutting force with the same depth of
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Fig. 9. Tool wear in various environmental conditions (Cetin et al.
[28]).
Fig. 8. Comparison plots of cutting force according to cooling
lubrication environment (Kug Young et al. [27]).

cut (1.2 mm), but a different feed rate (0.02 mm/rev). It
was conﬁrmed that cutting force deteriorated with the
combination of speciﬁc cutting conditions [27].
Cetin et al. (2011), have used different types of six
cutting ﬂuids, four from canola oils and sunﬂower with
different ratios of extreme pressure additives. Cutting ﬂuid
type, cutting speed, and depth of cut was considered as
process parameters. The tool regression analyses were
applied to predict feed forces and surface roughness. The
results of commercial cutting ﬂuids are compared [28].
Kaynak et al. (2013), have presented the study of cryogenic
cooling system tool wear by comparing the results from
cryogenic machining operation with results obtained from
MQL lubrication and dry machining method. The ﬂank
wears at the nose radius resulting cutting performance
criteria such as surface quality and force components of
machined parts. The results from the research work shows
that cryogenic cooling has an effect on controlling toolwear rate [29]. Yuan et al. (2011), have performed the
experimental work on Ti-6-Al-4V material with MQL
mode. The authors concluded that cutting force is less in
MQL as compared to dry machining. Authors have carried
out the analysis of tool wear and chip morphology and
found that feed rate plays important role in producing
lower surface roughness [30]. Barczak and Batako (2012)
studied the research work related to cutting forces. They
have found that lower tangential forces were recorded by
MQL for the same material removal rate. Table 1 shows
Research Summary of MQL Literature Review. This
research study also reviews the application of the MQL
technique in abrasive machining. It gives comparison of
result between conventional and dry grinding. With a
general purpose alumina wheel the common steels EN8,
M2, and EN31 were ground. The results determined that
MQL performance and ﬂood delivery under the given
conditions. In some conditions, MQL achieved better
results as compared to other conditions [31]. Zeilmann et al.
(2012), presented a study of drilling operation of the
specimen AISI P20 steel. They have analyzed the effects on
the process parameters caused by reducing the quantity of
cutting ﬂuid supply. The different machining strategy was
adopted to solve the machining problem. The MQL method
resulted in the lowest roughness values in regions of the

holes [32]. Patil (2012), have worked on material AISI 4340
in different cutting environments and studied the effect of
process parameters on surface roughness and tool wear. He
has done the analysis on response variables such as surface
roughness and tool wear. The pie chart (Fig. 9) shows the
percentage wear at different cutting environment, cutting
speed and feed [33].
Balan et al. (2013) investigated by using MQL
technique considerably reduces the grinding forces, surface
roughness and temperature as compared to dry technique.
The research study was an experimental investigation of
the signiﬁcance of the MQL parameters on grinding
performance of Inconel 751. Inconel was an ideal material
for high-temperature applications which possesses difﬁculties during machining, especially grinding. It was found
that better results were obtained for the optimal MQL
condition in grinding in terms of reduced grinding force,
temperature, and roughness [34]. Nath et al. (2013), have
carried out the work on titanium material by using cutting
ﬂuid spray system. The authors have analyzed the effect of
cutting parameters on cutting temperature, tool wear, and
chip morphology. Table 2 shows Research Summary of
MQL Machining with Nano ﬂuid. The authors concluded
that less tool wear occurs in the ﬂuid spray system as
compared to dry machining [35]. Mao et al. (2013),
performed the experiment based on the atomization
mechanism. In this study, the inﬂuencing factors velocity
and the diameter of the droplet were analyzed. According
to the heat transfer mechanism the grinding zone was
divided into four different regions of the droplet at different
surface temperatures. From the experimental result, the
related mathematical models of heat transfer in the
grinding zone were developed [36]. Rakurty et al. (2013)
have performed the experimental work on AISI 1045
material by using MQL system. The researchers analyzed
the effect of cutting parameters on surface roughness and
cutting temperature. From result analysis, it is seen that
better surface roughness obtained in MQL as compared to
dry machining. The focus of this research was to
understand the effect of simulating a ﬂood coolant by
targeting Minimum Quantity Fluid on rake and ﬂank faces
of the cutting tool [37]. Lawal et al. (2013) observed the
effect of MQL using vegetable oil-based lubricants. They
have analyzed various cooling techniques in machining
operations and concluded that the MQL method is better
than other lubrication systems. The authors have found

Kelly et al. (2002)
Tasdalen et al. (2008)
Obikwa et al. (2009)
Cetin et al. (2011)
Yuan et al. (2011)
Nath et al. (2013)
Rakurty et al. (2013)
Md Imran et al. (2014)
Stephensen et al. (2014)

1
2
3
4
5
6
7
8
9

Lubrication method

MQL
MQL
Oil mist spray
MQL
MQL
Spray system
MQL
MQL
CO2 Based
MQL
10
Rotella et al. (2014)
MQL
11
Amini et al. (2015)
MQL
12
Chetan et al. (2015)
MQL
13
Fratila Domnita (2015)
MQL and DRY
14
Gupta et al. (2015)
MQL
Sub Research Summary of Material AISI 4340
15
Varadarajan et al. (2001) Wet and Dry
16
Dhar et al. (2006)
MQL
17
Dhar et al. (2007)
MQL
18
Saini et al. (2014)
MQL

Author

Sr. no

Table 1. Research summary of MQL literature review.

AISI
AISI
AISI
AISI

4340
4340
4340
4340

Ti6Al4V
AISI 4142
Ni-Cr-Co alloy
42MoCr4
Titanium (Grade-II)

Al  alloy
100Cr 6 Steel
Inconel 718
AISI 304L
Ti-6-Al-4V
Titanium
AISI 1045
Incoly 800
Inconel 750

Material
FR
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p

CS
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p

p
p
p
p

p
p
p
p
p

DOC
p
p
p
p
p
p
p
p
p

–

p
p
p

p
p
p
p
p

–

–
–
p
p
p
p
p
p

Ra

–
–
–
p

–
–
p

–
p

–
–

–

–
–
–
p
p

CF

–
–
p

p

–

–
–
–
p

–
–

–
–
–
–
p
p

CT
p

Parameters

–

–

–
–
p

–
p

–
–
p
p
p

–
–
p

–
–
p

–
–
p
–
p
p

–
–
p
p

CM
p
p

–
–
–
–
p
p

TW

–
–
–
–

–
–
–
–
–

–
–
–
–
–
–
p

–
p

MRR

[86]
[3]
[4]
[81]

[47]
[48]
[52]
[49]
[50]

[22]
[5]
[25]
[28]
[30]
[35]
[37]
[41]
[45]

Reference
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Drilling

Drilling
Grinding
Grinding
Grinding

Nam et al. (2011)

Chata et al. (2016)
Prabhu (2011)
Mao et al. (2014)
Yang et al. (2016)

Nano-diamond
particles 1% & 2%
Al2O3 1.5%
MCNT  O.2%
Al2O3 & MoS2  1%
SiO2, Fe2O3 – 2%,
4%, 6%, 8%, 10%
SiO2 0.2%
SiO2 0.2%, 0.5%
MoS2 0.5%

nano particles

Paraﬁn and
Vegitable oil
Soyabin oil
SAE20W40
De-ionized water
–

Base ﬂuid

Aluminum 6061

Material

Aluminium 6063 alloy
AISI D2
AISI 52100
The fresh bovine
femur bone
Sarhan et al. (2012),
Milling
Mineral oil
Aluminum AA6061-T6
Sayuti et al. (2013)
Milling
ECO CUT SSN 322 oil Al6061-T6
Bizhan Rahamati
Milling
ECO CUT HSG
AL6061-T6 alloy
et al. (2013)
905S Oil
Sayuti et al. (2013)
Milling
Carbon onion 0.5 & 1% Alumini cut oil
AL-2017-T4
Mohd et al. (2013)
Milling
SiO2 0.2, 0.5 & 1%
Dromus BL
Al-6061-T6 alloy
lubricant oil
Rahmati et al. (2014)
Milling
MoS2 - 0.5%
ECOCUT HSG 905S
Al6061-T6
cutting oil
Sub Summary  MQL Turning with Nanoﬂuid
Chan et al., (2013)
Turning
Nanodroplet
Water
Aluminum alloy 6061
(0.005–0.2 mm dia.)
Mohd et al. (2014)
Turning
SiO2 1%
Mineral oil
AISI4140
Khalila et al. (2015)
Turning
Al2O3  0.1%
soluble cutting oil
AISI 1050
Hegab et al. (2017)
Turning
MWCNT  2%Vegetable oil
Ti–6Al–4V
Ali et al. (2017)
Turning
Al2O3  0.4%
soluble cutting oil
Inconel 718
Sub summary of MQL with a Nano ﬂuid and Base ﬂuid (Ethylene Glycol)
Muthusamy et al. (2015) Milling
TiO2 – 0.5,1.1.5%
Ethylene glycol
AISI 304
Kadirgama et al. (2018) Turning
Nano-cellulose 0.5%
Ethylene glycol
SUS 304

Lubrication
method

Author

Table 2. Research summary of MQL machining with nano ﬂuid.
Reference

–
–

–
–

–
–
–
–

p

p
p
p
p
p

p

p

–
p

–
–
–
–

–

–

–
p

–

–
p
p

–
p

p
p

–
–

–
–
–

p

–

–

–
–

–

–

–
p
p

–
–
–

–
–
p

p

p

p
p

p
p
p

–

p
p
p

p
–

p
–

–

–
–
–
–

p

–

–
–

–

–

–
–
–
–

–
p
p
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that the beneﬁt of cutting ﬂuids with respect to the surface
ﬁnish of work piece, the cutting force, temperature, and
tool wear, at the cutting zone [38]. Minton et al. (2013),
have examined the formation of hot-spots on the rake face
during near dry and dry turning operation of titanium
using cemented carbide inserts. Cutting performance was
examined by measurement of tool life and wear. The trials
of research work were carried out with an internally cooled
tool with, diamond coated insert. Thus, successfully heat
carried away from the tool, due to recirculation of coolant
through the tool holder. High thermal conductivity and low
coefﬁcient of friction of diamond, examined by the indirect
cooling, results in higher tool life while maintaining better
surface ﬁnish [39]. Komini Babu et al. (2013), have
developed a new measurement device to measure the
thermal conductivity of cutting ﬂuids using the transient
hot-wire technique. The instrument was designed such that
the thermal conductivity could be measured using both
single wire sensor of dual wire sensor and different length.
The water was chosen as testing ﬂuids for primary
standards. The results of single wires compared, the
thermal conductivity of the ﬂuids measured was consistent
with a dual-wire method [40]. Md Anasari and Kotiveerachary (2014) have worked on Incoly 800 material in MQL
and studied the effect of cutting parameters on surface
roughness. Taguchi method was used to optimize the
cutting parameters based on surface roughness. The results
were analyzed using ANOVA. Feed rate plays important
role in producing lower surface roughness followed by
cutting speed and depth of cut has the least signiﬁcance in
producing lower surface roughness [41]. Setti et al. (2014),
have presented the combination of image processing
techniques and microscopy to ascertain the quality of
droplets by spraying the MQL ﬂuid system onto an acrylic
sheet. Some of the raw droplet features were captured with
a stereo zoom microscope. The analysis was carried out by
measuring the number of droplets per unit area and
droplets size. The MQL application was achieved with
optimum parameters such as ﬂuid ﬂow rate, the distribution of the droplets, nozzle tip, the applied air pressure, to
machining zone distance [42]. Paolo et al. (2014), have
studied the inﬂuence of the lubrication strategy on surface
quality, tool wear, and environmental impact when turning
and milling of the metallic alloys Ti-48Al- 2Cr-2Nb. The
results of dry cutting were compared to that of minimum
quantity lubrication and wet conditions. The authors have
concluded that dry machining requires minimum energy
consumption and reducing to zero the lubricant consumption. From the selected cutting parameters and lubrication
conditions, MQL appears to be an advantageous solution
for milling [43]. Wang et al. (2014), investigated the
grinding process under nano particle jet ﬂow minimal
quantity lubrication for the common grinding wheel. This
study establishes a kinematics model, the plastic accumulation model and, the elastic deformation model of a single
grinding wheel. The authors examine the effect of various
grinding parameters on the surface of the work piece.
Results showed that as the peripheral velocity of the
grinding wheel increases the corresponding Ra and Rz
heights decreases. Also, it is found that as the length of each
crack increases, the number of grinding cracks on the
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surface of the work piece decreases [44]. Stephensen et.al
(2014) have carried out the experimental work on Inconel
750 material by using CO2 based MQL. They have studied
the effect of cutting parameters on tool wear and chip
morphology. The authors have also calculated the metal
removal rate. Finally, the researchers concluded that under
MQL mode turning characteristics can be improved. When
machining Inconel 750, the results indicate that CO2 MQL
can provide increased MRR compared to ﬂood coolants.
Similarly, CO2 MQL can provide for nickel alloys by
changing the wear mechanism from rapid notch wear to
gradual crater wear, improving lubricity [45]. Banerjee and
Sharma (2014) have developed a mathematical model as a
function of cutting speed and the feed rate for MQL
machining. They have shown that the MQL technique is a
better option than wet machining. In the research, work
authors have obtained the tool-chip friction coefﬁcients for
various machining conditions through modeling. The
validated model was utilized to different machining
conditions, the contact length of the tool-chip interface
temperature [46]. Rotella et al. (2014), have performed a
study of machining of Ti6Al4V alloy under dry, cryogenic
cooling conditions, minimal quality lubrication. The
inﬂuence of the cooling conditions on the surface roughness
and the product performance was studied. The work study
carried out in terms of surface roughness, hardness,
metallurgical conditions, including micro structure, phase
transformation of the machined product grain reﬁnement.
From the results, it was observed that cooling conditions
affect the surface of the product in improving the overall
product performance [47]. Amini et al. (2015), have studied
in the research work, improvement of MQL machining and
its effect on tool wear in turning of AISI 4142. In the
research work, surface ﬁnish was used as the response
parameter of ﬁnding the optimal conditions of ﬂuid ﬂow
rate, location and angle of the nozzle and frequency. The
experiments were performed to study tool life after
optimization. Surface roughness and machining force were
chosen as the criteria to determine the tool life. Obtained
results showed that the tool life in MQL was longer than
that in dry machining [48]. Fratila Domnita (2015), has
studied thermal phenomena in the turning process of
42MoCr4 alloyed steel with respect to cutting parameters
under MQL mode. Also, comparison of result carried out
under both environment-friendly cooling techniques (near
dry cutting and dry cutting). For the validation of
experiment a series of tests are conducted regarding
cutting temperature measurement near to the cutting zone.
Using Design Expert software, the effect of cutting
conditions on the cutting temperature has been analyzed
[49]. Gupta et al. (2015), have applied RSM and particle
swarm optimization technique for optimizing the machining factors in turning of titanium alloy under MQL mode.
The three process factors cutting speed; feed rate, and side
cutting edge angle were selected whereas response
parameters were selected as tool wear, tangential force,
surface roughness [50]. Batako and Tsiakoumis (2015) have
found that Minimum Quantity Lubrication produced a
good surface ﬁnish as compared to dry grinding with
vibrations for higher doc. Also, researchers have presented
the results of low-frequency oscillatory grinding in dry and
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near- dry conditions. In the research work, nickel alloys and
hardened steels were ground with vibration assistance. The
grinding forces were solved together with the surface ﬁnish.
The grinding wheel performance was given in terms of
grinding ratio [51]. Chetan et al. (2015) have presented the
manufacturing techniques in metal cutting industries for
green and cleaner production. The authors concluded that
the cutting process becomes more effective and environmentally friendly as there is ample research being done on
MQL. This research work includes literature review of all
the existing lubrication techniques in the metal cutting
process. In this research work, the authors concluded that
MQL gives less cutting temperatures, greater tool life as
compared to conventional wet machining methods [52].
Sarıkaya and Güllü (2015) have optimized Minimum
Quantity Lubrication parameters using grey relational
analysis in turning operation. The researchers have
achieved optimum value such as 180 ml/h. the ﬂuid ﬂow
rate and 30 m/min cutting speed on the basis of surface
roughness response characteristics. It was shown that the
cutting performance were signiﬁcantly improved using this
approach [53]. Hassanpour et al. (2016), have been carried
out the study during the micro-milling process on the
surface integrity of titanium parts (Ti6Al4V) under
various cutting conditions. The experiments were performed in the Minimum Quantity Lubrication condition
using the micro tool with 0.5 mm in diameter. In addition,
to have a better understanding of the results, the cutting
force was measured. The input parameters of micro-milling
such as feed rate, spindle speed and axial depth of cut were
considered, each in three levels. The effect of input
parameters on the surface roughness, burr width, and
in-depth micro hardness as well as mean cutting force was
evaluated. According to the results, cutting speed and feed
per tooth had the highest impact on the surface integrity
characteristics of this alloy [54]. Verma et al. (2017),
performed the experimental work related to CFD based
modeling of the aerosol. The aerosol produced by an
internal mix nozzle was carried out. The different
parameters are considered for the study such as droplet
diameter, droplet velocity, and heat transfer coefﬁcient. It
was observed that higher ﬂow rates helping in reduction of
the grinding zone temperature. From the result, it is found
that the intensity of the tensile residual stress and
tangential grinding force were reduced [55]. Ramanuj
Kumar (2018) has worked on the analysis of ﬂank wear, the
Ra value and chip tool interface temperature in the turning
of AISI D2. RSM based models and ANN models are
implemented for prediction of the responses. The comparative result analysis between actual and predicted results
has been carried out. The results obtained from ANN
model for ﬂank wear are better than RSM Model [56].
Mahammad Nizamuddin et al. (2018) have presented the
research work on the performance of eco-friendly and userfriendly Karanja oil in water-based cutting ﬂuid during
orthogonal cutting of AISI 1045 steel. The further attempt
has been made to identify the inﬂuence of developed
and conventional cutting ﬂuid on chip formation. Based on
the ﬁndings of the study great reduction of 11% was
observed in chip thickness which signiﬁcantly improves
tool life [57].

Gunjal and Patil (2018) have concluded in the
experimental study, canola oil gives better performance.
At higher cutting speed, use of traditional oil with MQL
shows longer tool life than vegetable-based cutting ﬂuids.
Varying cutting speed did not show any signiﬁcant impact
on surface roughness, as feed rate was constant throughout
the experiment. Tool wear is observed after every
machining cut by virtue of average ﬂank wear [58].
Krolczyk et al. (2019), have worked on the speciﬁc areas
of interest are: Dry cutting; Minimum Quantity Lubrication/Minimum Quantity Cooling Lubrication; Cryogenic
Cooling; High-Pressure Coolant and Biodegradable Vegetable Oils. The research work focuses on the improvement
of machining processes with a balanced attention on the
reduction of pollution generated by coolants and emulsions. The study presented in the paper will help the next
generation scientists to ﬁnd recent advances as well as
future avenues of research on ecological aspects of
machining for sustainability [59].
2.3.1 MQL machining with nano ﬂuid
The literature review carried out related to MQL
machining with a nano ﬂuid system such as drilling,
grinding milling and turning is as follows:
2.3.1.1 Drilling
The literature review carried out related to MQL drilling
with the nano ﬂuid system is as follows:
Heinemann et al. (2006), have concluded that deep-hole
drilling is performed as the holes, drilled into plain carbon
steel, had a depth of 10 times the diameter. The researcher
investigated that the feasibility of dry machining as an
appropriate alternative to MQL in deep-hole drilling. The
research work shows that, compared to a continuous
supply of the minimum quantity lubricant, a discontinuous
supply brings about a signiﬁcant reduction in tool life,
especially in the case of heat-sensitive drills. It is also shown
that dry drilling is associated with strongly accelerated tool
wear for most of the twist drills tested, resulting in a
signiﬁcant reduction in tool life [60]. Ahmed and Kumar
(2015), focused on the research study at constant doc with
three different levels of cutting speed and feed rate. In the
research work responses investigated by using cryogenic
LN2 coolant compared with a wet coolant such as cutting
temperature, thrust force, torque, and surface roughness.
Chip morphology and tool wear were assessed with the
changes in cryogenic LN2 coolant. The application of
cryogenic coolant in the cutting zone provides good
lubrication [61]. Garg et al. (2016), have carried out in
the research work the analysis was based on the curve
ﬁtting. The analysis shows that among the two models, the
GP models have performed better. 3-D and 2-D surface
analysis was performed to validate the models. It was found
that the nano ﬂuid concentration inﬂuences in the aspect of
power consumption. The drill diameter was lower, the
values of torque, and the spindle speed was higher, MRR,
and thrust forces, were the lowest [62]. Chata et al. (2016),
studied the comparison of the performance between various
lubrication conditions such as dry, MQL, ﬂooded, and nano
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ﬂuid MQL. The authors have studied the response
parameters such as tool wear, cutting forces, and surface
roughness in the drilling operation. In both MQL methods,
MQL with nano-particles oil supply and MQL rate are
ﬁxed. For the nano ﬂuid with a volumetric concentration of
1.5% in soya bean oil, the nano-particles (Al2O3) of 20 nm
in size were used. It reduces the drilling torques and thrust
forces as compare to other coolant-lubrication conditions.
The nano ﬂuid MQL effectively eliminates burrs and chips
to enhance the surface quality of holes [63].

particle jet minimum quantity cooling grinding experiment
by using hydroxyapatite, SiO2, Fe2O3, carbon nano tubes
nano ﬂuids. The nano particles mass fraction was 2%, 4%,
6%, 8%, 10% respectively. Grinding temperature during
the grinding process was measured. From the results, it was
observed that temperature peak of bone micro-grinding is
always proportional to the mass fraction of nano ﬂuids. The
measured temperature peak shows an inversely proportional relationship with the mass fraction of nano ﬂuid
within a certain mass fraction range [68].

2.3.1.2 Grinding

2.3.1.3 Milling

The literature review carried out related to MQL grinding
with the nano ﬂuid system is as follows:
Prabhu and Vinayagam (2011) studied the surface
analysis of nano-machined AISI D2 tool steel materials
which are measured using atomic force microscopy. The
carbon nano tube increases the thermal conductivity of the
lubricating oil and heat carrying capacity [64]. Shen Bin
et al. (2009), has investigated the wheel wear and
lubricating characteristics in MQL and wet grinding of
cast iron. Nano ﬂuids Al2O3 and diamond (nano particles)
were applied in the MQL grinding process. Experimental
results were showed that G-ratio was improved. Nano
ﬂuids showed the beneﬁts of improving surface roughness
and reducing grinding forces. From results, it was found
that MQL grinding reduced the grinding temperature as
compared to dry grinding [6]. Gopalakannan and Senthilvelan (2013), have prepared new fabricated metal matrix
nano composite of Al 7075 reinforced with nano-particles.
Electrical discharge machining was carried out to machine
MMNC with the copper electrode by using a face-centered
central composite design of RSM. ANOVA was applied to
study the effect of process parameters and their interactions. A mathematical model has been constructed in
order to estimate the machining characteristics. It was
observed that pulse current was the most signiﬁcant factor
affecting all the three output parameters such as material
removal rate, surface roughness and electrode wear rate
[65]. Mao et al., (2014), concluded, MQL grinding using
nano ﬂuid showed higher grinding performance by reducing
surface roughness and the grinding force in comparison
with that of base ﬂuid MQL grinding. The authors have
investigated the role of nano ﬂuid in MQL grinding process
through wear and friction experiments. From the results, it
was observed that nano particles, added to base ﬂuid gives
less friction and anti-wear properties. Table 3 shows
Research Summary of MQL Parameters. Also it was
observed that due to the addition of Al2O3 nano particles in
deionized water decreased the friction coefﬁcient as
compared to the pure deionized water [66]. Zhang et al.
(2015), have implemented nano solid particles in the
cooling system of grinding process. The result calculation
showed that the energy ratio coefﬁcient of dry grinding was
reached 64.3%. However, the energy ratio coefﬁcient of
ﬂood lubrication, MQL, and nano particle jet MQL were
36.8%, 52.1%, and 41.4%, respectively. The comparison of
energy ratio coefﬁcients showed that the cooling performance of CNT nano particles was satisfactory [67]. Yang
et al. (2016), carried out an experimental work, a nano

The literature review carried out related to MQL milling
with the nanoﬂuid system is as follows:
Sarhan et al. (2012), have performed the experimental
work by mixing SiO2 nano solid particles with mineral oil
having 0.2% weight concentration. After mixing of nano
particles in the base ﬂuid a soniﬁcation method was used to
mix particles efﬁciently. From this study some response are
considerable power savings, less oil consumption, and less
pollution were achieved [69]. Sayuti et al. (2013), have
carried out the research work, the optimum SiO2 nano
lubrication parameters were used in the milling of Al6061-T6.
They were investigated to achieve correct lubrication
conditions for the lowest cutting force, surface roughness,
and cutting temperature. The parameters include nano
lubricant concentration, air carrier pressure, and nozzle angle.
Taguchi optimization method was used with standard
orthogonal array L16. The analyses on cutting force and
surface roughness were conducted using signal-to-noise ratio.
To check the statistical signiﬁcance of the parameters the
analysis of variance was carried out [70]. Sayuti et al. (2013),
have carried out the research work; carbon onion has been
used as a nano particle mixed with ordinary mineral oil. The
experimental work was performed at different concentrations
to investigate the cutting force reduction and the surface
quality improvement of CNC end-milling machined Duralumin AL-2017-T4. From the results, it is observed that with
using of carbon onion nano lubricant, the response
parameters such as cutting force, and surface roughness
values were reduced [71]. Mohd et al. (2013), have concluded
in the research work, by introducing SiO2 nano lubricant in
the cutting part produces thermal deformation and less
friction leading to higher surface quality. The analysis of
AL6061-T6 after machining with SiO2 nano lubricant was
analyzed at different nano lubricant concentration. From the
results analysis, the more use of nano lubricant concentration
at 0.2% increase the growth of the thin protective ﬁlm on
machined surfaces. This is due to the breaking process from
the rolling action of billions of nano particle between the toolchip interfaces. Therefore, it was concluded that the
formations of the thin ﬁlm on the surface improves the
machining performance [72]. Ooi et al. (2014), have
concluded that the effects of nano particle concentration,
nozzle angle and air pressure are investigated to evaluate the
optimum machining conditions, such as lowest cutting
temperature, cutting force and surface roughness. The
predicted results are determined by fuzzy logic [73]. Pham
et al. (2014) focused on nano particle-enhanced cutting ﬂuids
in the research study. They found that very little work has
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Table 3. Research summary of MQL parameters.
Author

Cutting ﬂuid

Work piece material

MQL- Air
ﬂuid
pressure (bar)

MQL  Flow
rate (ml/h)

Reference

Dhar et al. (2006)
Dhar et al. (2007)
Khan et al. (2009)
Tawakoli et al. (2010)
Barczak et al. (2011)
Emami et al. (2013)

Not mentioned
Mobil cut 102
Vegetable oil
Mineral oil
Pure synthetic oil
Mineral oil

[3]
[4]
[23]
[91]
[31]
[92]

MQL oil
Nano ﬂuid
Mineral oil

7
–
6
2,3,4,7
4
Not
mentioned
2,4,6
2, 4, 6,8
4

60
200
100
20,50,100
33
25–400

Balan et al. (2013)
Mao et al. (2013)
Saini et al. (2014)

Alloy Steel AISI- 1040
Alloy Steel AISI- 1040
Alloy Steel AISI 9310
Harden Steel 100Cr6
EN8, M2, EN31
Al2O3 Engineering
Ceramic
Inconel 751
AISI 52100
Alloy Steel AISI- 4340

60, 80, 100
60
300

[34]
[66]
[81]

been carried out on nano ﬂuids and examined performances
of ionic liquids as lubricants in the micro milling process.
They have suggested that use of higher viscosity ionic
coolant provided good machined surface characteristics as
compared with conventional lubrication conditions [74].
Rahmati et al. (2014), have performed the research work; the
optimum MoS2 nano lubrication factors in Al6061-T6
milling to acquire the lower cutting force, surface roughness,
cutting temperature are determined. In this study, the
parameters were selected nano lubricant concentration,
nozzle orientation, and air carrier pressure. The cutting
force, surface roughness was analyzed signal/noise ratio. The
analysis of variance is carried out for achieving optimum
conditions and to determine the process parameters are
statistically signiﬁcant was carried out [75].
2.3.1.4 Turning
The literature review carried out related to MQL turning
with the nano ﬂuid system is as follows:
Saidura et al. (2011), have carried out, comprehensive
literature on the applications and challenges of nano ﬂuids
have been compiled and reviewed. The application of nano
ﬂuids in cooling of a heat exchanging devices, solar water
heating, cooling of transformer oil, engine cooling, cooling
of electronics, cooling in machining have been reviewed and
presented. However, less barriers and problems that has
been identiﬁed in the review paper and addressed neatly
[76]. Chan et al. (2013), have performed an experimental
study on the effect of the low viscosity cutting ﬂuid with
nano-droplets in ultra-precision turning. The conventional
ﬂood method in which cooling enhancement is improved by
adding nano-metric particles. Instead, the NDCFs are
created by atomization of the cutting ﬂuid that circulates
in a closed- loop treatment device. The atomization process
is found to minimize the viscosity of the NDCF
signiﬁcantly by the formation of nano-droplets. The
minimized viscosity of the NDCFs could be increased by
diluting them with water [77]. Roy and Ghosh (2013) have
analyzed the effect of process parameters during high speed
turning of AISI steel with nano ﬂuid (1 vol. % MWCNT
and 3 vol. % alumina) and small quantity lubrication

system. From result analysis, it is found that due to the use
of MWCNT there is a reduction in cutting forces [78].
Amrita et al. (2014), have investigated the usage of and
nano- molybdenum disulﬁde, nano-graphite, oil-based
cutting ﬂuids in MQL application. The initial work was
to prepare a cutting ﬂuid by adding 0.3 wt% of nano
particles. The dispersion and stability of nano particles in
the base ﬂuid were veriﬁed. While performing turning
operation under constant cutting conditions, the prepared
cutting ﬂuids with nano particles were applied at a ﬂow
rate of 10 ml per minute. Performance of cutting ﬂuids was
examined by measuring surface roughness, cutting forces,
tool wear and cutting temperature for each turn [79].
Sayuti et al. (2014) evaluated the performance of SiO2 nano
ﬂuid in turning of hardened steel AISI 4140 using MQL.
This research work was investigating on the new and novel
uses of SiO2 nano-lubricant by conducting analysis on tool
wear and surface roughness using fuzzy logic. Also,
response analysis was carried out determining which
process parameters were statistically signiﬁcant. From
experimental work, it was found that surface integrity and
tool wear were observed with 0.5% wt SiO2 concentration,
30° nozzle angles, and low air pressure [80]. Saini et al.
(2014), have investigated in the research work, the
Minimum Quantity Lubrication machining performance
was found to be better than dry machining. The inﬂuence of
approach angle, cutting speed, feed rate, and depth of cut
has been on cutting forces and tool tip temperature has
been experimentally investigated. In this study work, the
use of nano ﬂuid reduced the cutting forces up to 17.07%
[81]. Krajnik et al. (2016) have concluded in the research
work how recent nanotechnology developments support
and needed for the production of the new product and
industrial applications. Authors have designed and
fabricated a nano particle-based cooling-lubricating ﬂuid,
for vegetable-based ﬂuids. Also, such a cooling system has
been developed for integration into material processing
technologies. They have shown that tribology property of
nano ﬂuids reduces the friction between chip interfaces and
tool [82]. Hegab et al. (2018) have performed the research
study to improve the cooling efﬁciency of MQL during
machining of titanium alloys with nano-additives. The aim
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of the research work was to ﬁnd out the inﬂuence of
dispersed MWCNT into base ﬂuid under MQL mode. It
was found that two % MWCNT nano ﬂuid reduced the
power consumption by eleven %. The same concentration
of nano ﬂuid also reduced the ﬂank wear by 45% [83]. Das
et al. (2019), have found that, vegitable oil based nanoﬂuid
enriched cutting ﬂuids for machining. Also extensive
research has been carried out to replace conventional
cutting ﬂuids by nanoﬂuids. The research study investigated the cutting performance and comparative assessment towards machinability improvement during hard
turning of high-strength-low-alloy AISI 4340 steel using
four different compositions of nanoﬂuids by minimum
quantity lubrication technique. surface integrity, cutting
force, tool wear, microhardness, residual stress, and chip
morphology are considered as technological performance
characteristics to evaluate the machinability of hardened
AISI 4340 steel [84]. Mohammad et al. (2020), have
discussed the behaviour of various thermophysical properties of CuO water-based nanoﬂuids. Different experimental
and theoretical studies are carried out to investigate each
property of CuO/water in terms of thermal and ﬂuid
mechanics. Researchers concluded that, thermal conductivity increases with large particle size, whereas viscosity
increases with small particle size. The Nusselt number
depends on the ﬂow rate and volume fraction of nano
particles. The causes for these behaviour were discussed.
The magnitude of heat transfer rate is inﬂuenced by the use
of CuO/water nano ﬂuids. The use of CuO/water nano
ﬂuids has many issues and challenges that need to be
classiﬁed through additional studies [85].

3 Importance/role of nano particles
Nano particles having higher heat carrying capacity. Nano
ﬂuid is a new class of ﬂuids engineered by dispersing
nanometer-size solid particles into base ﬂuids such as
water, ethylene glycol, lubrication oils and synthetic oil.
Research shows thermal conductivity and convection heat
transfer coefﬁcient of the ﬂuid enhanced by nano particles.
Tribology research showes lubricating oil with nano
particle additives improves Load carrying capacity,
Anti-wear and Friction reduction etc. Novel properties
of carbn nano tubes are extra ordinary strength, unique
electrical properties, and efﬁcient conductor of heat.
A Carbon Nanotube having tube-shaped material shape,
which is made of carbon. Carbon Nanotubes typically have
diameters ranging from 1 to 50 nm. The recent advancements have made the nanotubes much longer and
measured in centimeters. The discovery of Carbon Nanotubes (CNTs) in 1991 opened up a new era in materials
science. CNTs are at least 100 times stronger than steel and
one-sixth as heavy. Therefore, nano tube ﬁbers could
strengthen almost any material. CNTs are unique because
the bonding between the atoms is very strong [6].
3.1 Multi-walled carbon nano tubes (MWCNT)
Multi-walled carbon nanotubes range from one outer and
one inner tube to as many as 100 tubes or more. Currently,
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Table 4. Thermal conductivities of different nano-particles.
Nano particles

Thermal conductivity
(W/m-K)

Aluminum oxide (Al2O3)
Diamond (C)
Carbon nanotube (CNT)
Copper (Cu)
Graphite
Gold
Silver (Ag)
Aluminum (Au)

36
2300
3000
401
750
310
697
518

Table 5. Speciﬁcations of MWCNT’s.
Parameter

Value

Outer dia. (Nm)
Inner dia. (Nm)
Ash. (Wt%)
Purity (Wt%)
Length (Nm)
Bulk density (g/cm3)
True density (g/cm3)

20–30
5–10
<1.5
>95
10–30
0.28
2.1

the most popular use for carbon nano tubes is in structural
reinforcement. Carbon nano tubes are unique and
thermally conductive along their length. The semiconducting properties of CNTs promote for the generation of
computer chips. Other applications of CNTs are as
chemical carriers for pharmaceutical applications [6].
Table 4 shows the different nano particles with their
thermal conductivities and Table 5 shows speciﬁcations of
MWCNT’s.
To improve the surface characteristics from the micro
level to nano level, nanoﬂuid (Multi-walled Nano Tube) is
useful in the machining process. The improved heat
transfer and tribological properties of nanoﬂuid can
provide better cooling and lubricating in the MQL
machining process and make it production easier.

4 Development/preparation of nano ﬂuid
Nano ﬂuid is a new class of ﬂuids which are prepared by
dispersing nano solid particles into base ﬂuids such as
water, ethylene glycol, lubrication oils, and synthetic oil.
The steps involved in preparation of nano ﬂuid. As per the
calculation, one-liter base ﬂuid as synthetic cutting oil,
5 gm Sodium Dodecyl Sulfate (SDS) and 2.5 g Gum Arabic
(GA) was taken. Such a mixture was stirred for two hours
on a magnetic stirrer.
– In a prepared base ﬂuid, 2.1 g MWCNT’s should be
added and stirred for 40 min on the overhead stirrer.
– Now after stirring, sonicate the mixture for about one
hour in the ultrasonication bath until a homogeneous
suspension was achieved during the sonication. It is
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Fig. 11. Ultrasonic Vibrator (Patole and Kulkarni).
Fig. 10. Magnetic Stirrer (Patole and Kulkarni).

observed that the bubble formed and collapsed. It is
conjectured that the resulting shock from this cavitations
process (collapsing bubbles) breaks up the nanotube
agglomerates. However, sonication generates heat which
results in an increase in nanoﬂuid temperature. To avoid
the variation of temperature, the cooling system is
employed. The role of the cooling system is to maintain
the temperature at about 25 °C so that prepared mixtures
remain stable for weeks. The sample preparation set up is
shown in Figures 10 and 11.

4.1 Calculation of MWCNT
The Multi-walled carbon nano tube particle is mixed with
cutting ﬂuid. The cutting ﬂuid such as ethylene glycol in
the proportion of the MWCNT is mixed in the concentration of 0.2%. The nano cutting ﬂuid is prepared for 2 L. The
mass of the MWCNT nano particle required for the
preparation of nano ﬂuid is calculated as follows:
Density of MWCNT = 2100 kg/m3, One liter =
(1/1000) m3,
Therefore, Mass = Density  Volume,
for 1 L the mass of MWCNT required is, Mass =
(2100  1)/1000 = 2.1 kg at 0.1% concentration mass =
(2.1  0.1  1000)/100 = 2.1 g.
At 0.2% concentration mass = (2.1  0.2  1000)/
100 = 4.2 g. For 2 L the mass of MWCNT = 4.2  2 = 8.4 g
The mass of the MWCNT required for the preparation
of nano ﬂuid is 8.4 g This nano particle is mixed with the
cutting ﬂuid using ‘Ultrasonic Vibrator’ in the Nano
Science Laboratory. Then the nano cutting ﬂuid is used as
the coolant for the turning operation [93,94].

5 MQL with nano ﬂuid experimental setup
Figure 12 shows a schematic sketch of the MQL with nano
ﬂuid experimental setup.

The list of equipment’s in MQL with nano ﬂuid
experimental setup is listed here.
– Computer Numerical Control (CNC) Lathe machine
– MQL with nano ﬂuid cooling system
– Kistler Tool Dynamometer
– Display Unit
The material to be machined is hold ﬁrmly within the
chuck. Kistler dynamometer is used for material machining
to measure the forces involved in the machining. The tool
feeds perpendicular to the material to generate a cutting
force and a normal (or thrust) force. The tool’s direction of
motion eliminates the radial force or brings it down to near
zero. This allows the use of a tailstock to support the center
of the work piece. This set-up is commonly done with high
tensile strength materials such as steel, sacriﬁcing long
duration runs. The jaws may be insulated to protect the
work. Kistler Dynamometer is connected with A/D
converter [95,96].

6 Conclusions
It is seen that different researchers have proposed different
coolant and cooling systems such as conventional ﬂood
system, jet spray system, near dry system, MQL system
etc. for machining. The conventional ﬂood systems are
practically accepted by the metal cutting industries.
However, it has certain inherent disadvantages such as
unaffordable cost, the requirement of skilled manpower,
limited turning performance. On this background, MQL
with nano ﬂuid cooling technique is more suitable for the
low volume and better turning characteristics. There is a
scope for use of MQL with nano ﬂuid in metal cutting
industries during machining operation to improve the
turning characteristics.
From the literature survey and review the following
ﬁndings are drawn:
– Majority of the metal cutting industries are still using the
conventional ﬂood system for the machining of the work
pieces. Also it is reported that about 16–20% cost is
involved in lubrication system.

P.B. Patole et al.: Manufacturing Rev. 8, 13 (2021)

15

References

Fig. 12. Schematic diagram of MQL with nano ﬂuid experimental setup (Patole and Kulkarni).

– Very few industries and modern workshops are ﬁnding
the application of minimum quantity lubrication with
conventional ﬂuid for small scale industries because of
the unaffordable initial cost.
– The conventional cutting ﬂuid application fails to
penetrate the chip-tool interface and thus cannot remove
heat effectively. On the other hand in MQL the heat
removal can be takes place and it also provides sufﬁcient
lubrication to prevent the generation of heat.
– The application of MQL is an alternative for conventional ﬂood system.
– The cooling and lubrication system consultants and the
academicians raised the need of MQL with nano ﬂuid
during the machining process.

7 The scope for future research work
This research paper has presented a brief review of
important published researches in the application of
nanoﬂuid-based cutting ﬂuids with the help of MQL
technique during different machining processes, such as,
grinding, drilling, milling and turning, etc. Some of the
researchers shown that nano ﬂuids plays an important role
in cooling applications in manufacturing industries,
transportation, energy, and electronics, etc. But developments in new technologies such as metal cutting operations
i.e. turning, drilling, grinding etc., microelectronic devices,
higher power output engines, continuously increase the
thermal loads, which require advances in cooling capacity.
Therefore, there is a strong need for new and promoting
faster heat transfer nano ﬂuids to achieve better cooling
performance.
A few researchers found that, MQL is suitable for softer
material and has limitations with regard to harder
materials. Therefore, it is required to resolve this argument
by studying the effectiveness of MQL with nano ﬂuid on the
material during machining process.
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