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Abstract MQL has gained lot of attention in the past decade owing to its effective-
ness over the conventional fluid delivery method. Conventional cutting fluid delivery
methods have major drawback of being used in large quantity and dangerous effect
on environment and workers health. MQL has emerged as a viable alternate to the
conventional fluid delivery method. However, lately many more methods have been
found to be more effective than the raw MQL method. Different strategies of deliv-
ering the cutting fluid directly into the cutting zone have been conceptualized and
tested. These techniques are collectively coined as “Hybrid Techniques”. This paper
describes the various hybrid delivery methods in machining with their benefits and
drawbacks.
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1 Introduction

Machining is very important process in the manufacturing industry. Huge amount of
cutting fluids are used in machining for keeping the temperature rise under control
and have a good quality product [1–4]. The various zones where heat is generated
are shown in Fig. 1.
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Fig. 1 Zones of heat generation in machining [4]

1.1 Conventional Cutting Fluids

However, the cutting fluids are used in large quantity and have negative effect on
environment [5–7]. The high usage of cutting fluids affects the workers and also has
negative impact on the environment [5, 8–10]. Dry machining is an alternative in
which cutting fluids are not used and is an environment-friendly way of machining
[11, 12]. However, there are many problems associated with dry cutting such as
high temperature which can destroy the cutting tool and the workpiece surface [13–
15]. Hence, the search is going on for a viable alternative that can be used for
machining and which does not impact the environment and human [16–20]. Use of
green cutting fluids has been in vogue for last many years and has proved to be better
than conventional cutting fluids [21, 22]. One such alternative which has been found
to be effective is MQL method. MQL stands for minimum quantity lubrication. It is
a method of using straight cutting fluid, i.e. pure oil without water and atomizing it
before delivering it to the machining zone during machining process. This method
is effective than conventional flood delivery method in terms of providing better
lubrication [23–28]. This is because the atomized oil droplets are of the order of
microns and are effectively transported to the machining zone via the small cracks
and also due to high delivery pressure of the carrier air. A typical MQL diagram
is shown in Fig. 2. MQL method is also environment friendly as it uses very less
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Fig. 2 MQL set-up [32]

amount if cutting fluid [29–31].

2 MQL or Minimum Quantity Lubrication

MQL has resulted in better surface finish and reduced tool wear in many experiments
[33, p. 6]. However, many researchers oppose this result and have questioned the
validity of the MQL in machining. Many researchers have also stated that MQL
is effective in only some machining operations [34–37]. Researchers have raised
serious concerns over the temperature reducing ability of MQL as it is used in very
small quantity—of the order of 50–200 mL/h. It has also been reported that at very
high cutting speeds, theMQLmethod loses its effectiveness as the oil gets vapourized
before reaching the cutting zone and renders the process useless [38, 39].

Owing to the shortcomings in the conventional MQL methods, researchers have
now focused on improving the effectiveness of the methods. Some research groups
focus on improving the properties of the lubricant by various methods such as
mixing nanoparticles and ionic liquids in the base oil. Addition of such additives
greatly enhances the physiochemical properties of the oils, and machining with such
lubricants has resulted in reduced friction and tool wear.

Other researchers focus on improving the delivery methods for increasing the
effectiveness of the MQL method. Such methods use cooled compressed air via
vortex tube, cryogenicMQL and electrostaticMQL. This paper gives an introduction
to each of the methods and the current trend in their usage. In this paper, only the
latest articles published in this year have been considered to give a brief overview
on the applicability and the effectiveness of hybrid methods.
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2.1 Minimum Quantity Lubrication in Machining

Minimum quantity lubrication is a method of cutting fluid delivery in which a very
small quantity of lubricant is injected into the machining zone, mostly through the
rake face of the tool. This is done by using pressurized air which atomizes the liquid
lubricant and carries it with it to the machining zone. There are many benefits of
MQL method over the conventional flood delivery method. It reduces the length of
sticking zone of the chip on the rake face. It also reduces the friction between the chip
and the tool by providing a film and thus decreases the frictional heat. High pressure
also helps in chip curl and effective breaking of chips. In soft materials, use of MQL
reduces the sticking tendency and thereby improves the tool life. There are two types
of MQL delivery systems which are classified on the basis of mixing of compressed
air with the lubricant. Figure 3 shows the different methods of mixing—external and
internal. In internal mixing, the lubricant and air are mixed well before the nozzle
exit, whereas in the external type of delivery, mixing is achieved just before exiting
from the nozzle. The external method is far better than the internal mixing one as
it ensures a homogenous flow of lubricant with the mixture. In internal mixing, the
lubricant can stick to the walls of the carrying tube and can result in lumping, and the
delivery is not homogenous. The pressure and the nozzle angle with respect to the
cutting tool and the nozzle distance play an important role in achieving maximum
efficiency from the MQL method.

3 Advancements in MQL Delivery Methods

Differentways have been researched on improving the effectiveness ofMQLmethods
such as cryogenic MQL, cooled air MQL and electrostatic MQL. All these methods
have been tested and have proved to enhance the effectiveness of the conventional
MQL method. The commonly encountered problem is the air cushion or the vapour
film generation which prevents the entry of the lubricant in the cutting zone.

Fig. 3 Types of MQL mixing [40]
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3.1 Cooled Air MQL

Cooled airMQLor CMQL is a technique inwhich cold air is used as lubricant carrier.
Cold air carries the atomized lubricant into the machining zone. The cool air causes
extra cooling effect in addition to the lubrication film provided by the lubricant.

In an attempt to improve the cooling efficiency of the conventional MQL process,
Saberi et al. [41] employed a vortex tube for delivering lubricant into the machining
zone. A vortex tube is a small pipe without any mechanical parts in which the input
compressed air is split into two parts. One end of the vortex tube discharges cold
air, and other end discharges hot air. This cold air is used for carrying the atomized
lubricant. From the experiments, it was found that using this technique, the heat
transfer coefficient was higher than the conventional MQL system. However, they
also reported that lubricant has no effect in coolingwith thismethod; yet, the lubricant
in theMQL spray was able to reduce the grinding forces. They also reported that best
surface finish is found in flood method of grinding than the MQLmethod of delivery
because poor effectiveness of air in carrying away the heat generated and due to
the circular profile of the grinding wheel which distorts the jet flow of air–lubricant
mixture.

Stachurski et al. [42] used similar technique of using cold compressed air with
MQL in sharpening by grinding the hobbing cutter. In a different approach, the
authors used separate delivery of cold air into the machining zone in addition to the
lubricant spray. They reported that among MQL, MQL + CCA and conventional
flood method, MQL+ CCA method gave best surface finish indicating its effective-
ness over other methods and also reducing the quantity of cutting fluid required. Not
only this, the cutting edges were free of defect withMQL+CCAmethod of delivery.
The results indicate that coupling conventional MQL with cooled air approach is a
better alternate than using only the conventional MQL system in machining.

Benjamin et al. [43] combined cold air through vortex tube and conventional
MQL method of lubricant delivery in milling titanium alloy Ti-6Al-4V. The authors
reported better lubrication in terms of reduced friction in machining with the
combined method than with single MQL stream. The chips produced with the
combined method of fluid delivery were also thinner and with less radius of curva-
ture indicating less coefficient of friction at the tool chip interface. It was found from
the experimental results that the combined technique was able to reduce the cutting
forces by an average of 7% thereby saving on the input power requirement during
machining. Too wear studies on the cutting tools showed impressive results. Tool
life was found to increase by 43%. Moreover, the wear with conventional MQL was
502 microns, whereas with the combined technique, the wear was only 404 microns
and no evidence of diffusion on the rake face which was found to be prominent with
the conventional MQL method.

In another study done on titanium (Grade-II), Singh and Sharma [44] used vortex
tube method for delivering cold and compressed air in the machining zone combined
with lubricant. From the results, it was found that there is a reduction of 15% in
surface roughness. Not only had this, cutting forces and tool wear also reduced with
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Fig. 4 Specific cutting
energy with different fluid
delivery method at different
feed rate [46]

the combination method employed by the authors. This was due to better cooling
achieved with the combination method in comparison with the MQL method alone.
Salaam et al. [45] proposed the use vortex tube for generating cold air for assisting
the conventional MQL proves in order to improve its effectiveness. They claim that
this combined method will have higher pressure than the conventional MQLmethod
and will also help in improving the machining efficiency. However, Ali et al. [46]
reported that using hybrid method did not reduce the specific cutting energy required
in the machining operation. Figure 4 clearly shows that even at different feed rate
the highest specific cutting energy is with the hybrid method of fluid delivery.

Jiang et al. [47] compared the effectiveness of cold air withmist. The performance
was compared with cold air without mist, and they observed a reduction in the cutting
forces in the cold air with lubricant mist. Better temperature control is observed in
both the cases than dry machining.

3.2 Cryogenic MQL

Cryogenic machining refers to machining done at very low temperatures. Owing to
the low lubricity problem of cryogenic gases but good thermal properties, researches
have use several cryogens combined with MQL method.

Shokrani et al. [13] used a double nozzle system for delivering liquid nitrogen
cryogen with MQL lubricant at different cutting speeds, feed and depth of cut. The
results show that cryogenic gas combined with lubricant has a significant effect on
the life of the cutting tool. The life of the cutting tool was found to have increased
significantly under the hybrid cooling environment. However, in this study, it was
found that the lubricant also plays a role in heat carrying capacity which was not
observed when machining with cold air assisted MQL. From the surface roughness
data, it was found that the machining environment affected the quality of surface
achieved in machining. The surface roughness achieved was comparable to that
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achievedwithMQL.CryogenicMQL technique thus increases the tool life in addition
to providing a better surface finish and very low rise in temperature.

Hanenkampet al. [48] used carbondioxide in combinationwith atomized lubricant
in milling operation of Ti6Al4V. In a strikingly different approach, the authors used
different types of lubricants in addition to the carbon dioxide as cryogen. The results
clearly show that the combination of cryogenic technique with MQL performs better
than the conventional flood method of cooling. Comparison of surface roughness
achieved with the different types of lubricants used in the machining operations
revealed a striking fact that it is the presence of lubricant that controls the quality of
the machined surface. This was evident because the cryogen used in each case was
the same, but the lubricant employed was different, and different surface roughness
values were achieved. The lowest surface roughness values were achieved with the
ester+ additive lubricant. Figure 5 shows the surface integritywith differentmethods
of fluid delivery.

Fig. 5 Surface integrity with different fluid delivery methods [48]
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Grguras et al. [49] used cryogenic MQL by premixing the lubricant in liquid
carbon dioxide in machining. The experiments were done on milling TI6Al4V with
carbide tool. The results indicate that cryogen oil solution was able to increase the
tool life by more than 200%. The authors also reported that this method of mixing
the lubricant in the carbon dioxide cryogen is also a simpler method because only a
single nozzle is required in machining.

Pereira et al. [50] used carbon dioxideMQL inmachining Inconel 718. Theymade
a plug and play type adapter. From results, it is seen that the tool wear obtained with
this hybrid methodwas close to that achieved with the floodmethod of cooling which
indicates the effectiveness of thismethod as a potential alternative to the conventional
flood cooling method.

Kim et al. [51] used chilly carbon dioxide gas with MQL lubricant in milling
titanium alloy. The experimental results obtained clearly establish the effectiveness
of hybrid MQL over the conventional MQL process. The hybrid method produced
less cutting forces and resulted in lower coefficient of friction and also increased the
tool life. Another outcome of this research translates the effect of lubricant delivered
in the chip–work interface is that the authors found an improvement in the surface
finish with an increase in the concentration of the lubricant.

Damir et al. [52] tested the effectiveness of cryogenic MQL in machining
aerospace alloy. The authors used liquid nitrogen as the cryogen and a lubricant
for MQL spray. The comparison was made with flood method, cryogen only, MQL
only and hybrid method. Initially, the tool wear rate was almost the same for every
method. But as the machining advanced towards, lowest amount of tool wear was
obtained with the hybrid method. This was due to better cooling achieved with the
cryogen system coupled with the MQL system. Also, the components machined
with the hybrid delivery method showed less amount of residual stress than other
techniques.

3.3 Electrostatic MQL

Electrostatic MQL is a strikingly new type ofMQL process. In this method, fine mist
of oil, either positively or negatively charged, is directed into the machining zone.
Huang et al. [53] used an external system to charge the oil before atomizing them
through an air compressor system and then directed the electrostatically charged
oil particles into the machining zone. The benefit achieved out of electrostatically
charging the oil is reduction in the wetting angle which translates into better spread-
ability. Also, as the oil particles are charges, it would be attracted to the neutral
workpiece surface easily. Oil particles charged up electrostatically have lower surface
tension which helps in easy transportation in the cutting zone thereby enabling better
lubricity and higher performance than the conventionally used lubricant. From the
experimental results, it was also found that positively charges oil has better lubrica-
tion properties than the negatively charges oil and the degree of polarity also affects
the lubrication performance. The electrostatic MQL resulted in reduction in the wear
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of the cutting tool due to increase in the wetting properties, spreadability and reduc-
tion in surface tension. Similarly, in another study done on stainless steel, Xu et al.
found similar results in decrease in tool wear [54]. The experimental results indicate
the effectiveness of electrostatic MQL over the conventional MQL system and also
indicate the viability of thismethod as an alternative to the conventionalMQLmethod
of cutting fluid delivery.

Jamil et al. [55] used electrostatically charges lubricant in machining aluminium
alloy 6061T6. The authors used negatively charged castor oil as the lubricant in
turning the aluminium 6061T6. The authors report that the negatively charged oil
particles are accelerated towards the positively charged workpiece. The positive
charge near the chip–workpiece region creates a suction pressure near the zone and
helps in the capillary suction of the charges oil. This results in a deeper penetra-
tion into the cutting zone than the conventional MQL method and results in better
performance and machining quality in terms of reduced tool wear.

Lv et al. [56] used grapheme nano platelets via the electrostatic MQL process.
The focus of the researchers was to study the extent of penetration and the deposition
property endowed due to the electrostatic charging. The experimental results showed
an improvement in the penetration and the deposition in the metallic surface of the
workpiece. The improvement in the properties was due to decrease in the wetting
angle which resulted in better spreadability which is seen in other cases also. Electro-
statically charged particles are able to make a better tribo film because they penetrate
easily between the mating surfaces.

Xu et al. [57] used electrostatic MQL strategy in grinding operation of die steel.
They reported that the dominant mechanism of action was capillary action. They
also observed that 4kv electrostatic voltage was able to reduce the cutting forces
significantly. This was attributed to the fact that the electrostatically charges lubricant
particles were able to spread easily and resulted in better lubrication and reduced
cutting temperature.

Su et al. [58] used charges nanoparticles in the lubricant and used this in theMQL
system and found that electrostatically charged nanoparticles mixed lubricant with
MQL is better than simply electrostatically charged lubricant with MQL. However,
the drawback was that the nanoparticle charges resulted in higher mist concentration
than that with the simple lubricant charges electrostatically and delivered via MQL.
The authors recommend both these methods as an alternative to the conventional
MQL method without electrostatic charging.

4 Conclusion and Future Scope

MQL method is no doubt a good alternative to the conventional flood method of
fluid delivery. However, currently many advancements have been seen in the delivery
method of cutting fluids. Following can be concluded from the literature:

1. MQL method is better than conventional flood delivery method.



132 R. Katna et al.

2. The method of cutting fluid delivery affects the machining quality.
3. MQL still suffers from the cooling ability drawback as the volume used is very

low.
4. Hybrid MQL techniques have shown better results than conventional MQL

method.
5. Additional methods add up to the cost of conventional MQL as extra set-up is

costly.
6. It is recommended thatMQLmethod canbe combinedwithflooddeliverymethod

in order to improve the heat carrying effectiveness of the method.
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