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Chapter

The Characteristics and
Application of Nanofluids in MQL

and MQCL for Sustainable Cutting
Processes

Tran The Long and Tran Minh Duc

Abstract

Recently, there has been growing attention to nanofluids, especially in industry.
More and more people nowadays see nanoparticle applications in various fields such
as automotive, agriculture, medicine, machining, and so on. The addition of differ-
ent nanoparticles to fluids has shown enormous advantages, particularly for improv-
ing the efficiency and therefore lowering the energy consumption of processes for
addressing a wide range of global challenges related with energy and environmental
problems. Nanoparticles are of great scientific interest as they are in that nanofluid
with unusual effects, and ultra-small sizes will be a new area for researchers and
definitely offer novel mechanisms and technologies in the future. In this chapter, the
authors will mainly present the characteristics as well as latest advances in applica-
tions of nanofluids in machining practices. Nanoparticle additives contribute to
reduce friction coefficient, lower the energy consumption, and significantly extend
tool life by lowering thermal stress, from which the surface quality of manufactured
parts improves. Moreover, the nanoparticle application in some of the green tech-
nologies as MQL and MQCL using vegetable oils not only brings out superior cooling
and lubricating properties and minimizes the use of cutting fluids, but also creates
new solutions for machining, especially for difficult-to-cut materials.

Keywords: nanoparticles, nanofluid, sustainable cutting, MQL, MQCL,
hard machining, vegetable oil, metal cutting

1. Introduction

Climate change has become the most growing concern of people around the
world. The rapid increase of population consequently leads to the use of more
natural resources and giving out of more waste. The pollution in air, water, and food
causes many serious human diseases. Accordingly, environmental laws are continu-
ously tightening up to protect our Earth. Being a part of the production chain,
manufacturing engineers are demanded not only to produce the products to meet
the growing demand for higher quality and productivity but also to be responsible
for achieving the sustainability in manufacturing. In metal cutting industries, the
used cutting fluids after using for cooling and lubricating the contact zone con-
tribute the largest amount of disposal (around 30%), which finally ends up as the
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contamination in the rivers leading to the water pollution [1]. Therefore, it is neces-
sary to find the solutions to reduce or eliminate the usage of coolants. Over some last
decades, there were numerous studies concerning the reduction of coolant usage in
machining, and dry cutting processes, the truly environmental-friendly method,
had drawn most attention and brought out the obvious cost benefits derived from
the elimination and treatment of cutting fluids. However, the selection of the proper
cutting tools or inserts plays a very important role to ensure the proper tool life and
high precision and accuracy of machined parts [2], and it also causes a strong influ-
ence on technological and economic characteristics. Recently, to meet the continu-
ously increasing demand for cutting difficult-to-cut materials having high-graded
mechanical properties and high hardness, the tools with geometrically defined cut-
ting edges are directly used for machining the heat-treated materials, with the typi-
cal hardness of 45-70 HRC [3]. These processes are called hard machining, which
has become the research trend in mechanical applications due to high productivity
and accuracy. Up to now, people have seen hard machining more in metal cutting
field, and therefore many of traditional grinding processes have been replaced. The
new approach not only provides the alternative solution for cutting hard materials
but also improves the cutting performance, significantly reduces coolant usage, and
has low machine tool investment. On the other hand, the thermal shock caused by
the use of cutting fluids must be seriously considered to avoid the insert breakage,
so the flood cooling is not usually used for hard machining processes, especially for
interrupted cutting. Furthermore, the enormous heat and high forces arising from
cutting zone are the most challenging problems of hard cutting processes, which
always demand the appropriate uses of high-graded cutting tools like coated carbide,
ceramic, polycrystalline cubic boron nitride (PCBN), and diamond inserts [2, 4, 5].
Accordingly, minimum quantity lubrication (MQL) technique was proposed and
proven to use and exhibited the promising results in some last decades [1, 6, 7].

The cutting fluids in forms of oil mist are directly sprayed to cutting zone, so the
lubricating effect is very high to decrease the friction coefficient, from which
cutting forces, cutting temperature, and tool wear reduce significantly, and tool life
is extended. Interestingly, the minimal use of cutting fluid makes MQL an environ-
mental friendly technique, and the vegetable oils can be used for hard cutting, which
contributes to protect environment [8]. The main drawback of MQL method is the
low cooling effect, which limits the applicability and cutting performance of hard
machining [9, 10]. In order to develop MQL technique, there have been many studies
proposing the very promising solutions to enhance the cooling performance, which
includes MQL using nanofluids, minimum quantity cooling lubrication (MQCL),
and MQCL using nano additives. In this chapter, the authors mainly discuss the
latest studies on those up-to-date techniques used in hard machining processes.

This chapter is divided into five sections. Section 1 of the chapter provides the
literature review of new development of MQL and MQCL technology using nano-
fluids for sustainable cutting processes. Section 2 is dedicated to hard machining
under MQL condition using nanofluid. Section 3 describes the application of MQCL
condition based on the new approach for hard cutting processes. Section 4 contains
the latest advances on the utilization of nano additives for improving MQCL hard
machining performance. Finally, Section 5 draws out the conclusions and some
suggestion for future work.

2. Hard machining under MQL condition using nanofluid

Using nano additives suspended in MQL based fluids has opened a new
approach for machining difficult-to-cut materials and is also an up-to-date research
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topic gaining the growing concerns, especially for encountering climate change.
There are many types of nanoparticles, such as Al,O3, MoS,, SiO,, ZrO,, CuO, TiO,,
CNT, ND, and so on, proven to use for improving the tribological property, thermal
conductivity, and viscosity [11].

2.1 The improvement of cutting performance

In order to apply this technique in machining practice, the parameters of MQL
(the based fluid, air pressure, flow rate) and nanofluid (the type, size, and con-
centration of nanoparticles) are needed to study and optimize, because they have
strong effects on the cutting process. If the inappropriate values of each parameter
are chosen, the little effectiveness and even the negative influence may occur in
machining responses.

Li et al. [12] investigated MQL grinding process for Ni-based alloy using six
different types of nanofluids. The results indicated that the viscosity and thermal
conductivity of nanofluids significantly improve when compared to the base
fluids. The authors also pointed out that CNT nano additives exhibit the highest
heat transfer coefficient. Hence, the cutting temperature and forces decrease.
Another observation done by Ali et al. [13] indicated that the viscosity of Al,O; and
TiO, nano-lubricants increases while their kinematic viscosity decreases slightly.
Through the experiments, the coefficient of friction, power consumption, and wear
rate much reduced due to the rolling performance together with the formation of
tribo-films created by Al,O; nanoparticles. Moreover, the technical specification
and concentration of nanoparticles play a very important role and strongly influ-
ence on the machining responses. For finish cutting, the nanoparticles with smaller
grain size and higher concentration should be used to improve the surface quality
and reduce the cutting forces [11]. Pashmforoush and his co-authors [14] reported
that the big improvement in surface roughness in grinding process of Inconel 738
super alloy is about 62.16 and 36.36% compared to those of dry and flood condi-
tions, respectively. The enhancement of lubricating effect was also reported in
milling under MQL using MoS, nanofluid, from which the friction coefficient
reduced to extend the tool life and improve the surface quality [15]. The presence
of nanoparticles in MQL based fluid not only improves the cooling and lubricating
effects but also brings out the better cutting performance for machining difficult-
to-cut materials. Moreover, this approach will successfully replace the dry and flood
conditions, which fulfill the technological, economic, and environmental require-
ments, suitable for modern manufacturing. The performance investigation of end
milling of SKD 11 steel using HSS tools under nanofluid MQL was done in [16]. The
experiments are set up and shown in Figure 1. The cutting condition includes the
three values of cutting speeds of 18, 24, and 30 m/min, feed rate of 0.01 mm/tooth,
and axial depth of cut of 3 mm. The diameter of end mill is 10 mm. Al,O; nano
additives (0.5 wt%.) are enriched in emulsion and soybean-based oil.

Through experimental results, the cutting force components Fy, Fy, and F, when
changing the cutting speeds and based fluid are shown in Figures 2-4. Under NFMQL
with emulsion-based oil, the cutting forces Fy, Fy, and F, reduce with the increase of
cutting speed from 18 to 30 m/min. Ata cutting speed of 30 m/min, the comparison
between emulsion and soybean oil is made to find out the effect of the based fluid on
machining responses. It can be clearly seen that the cutting forces reduce due to the
better lubricating performance of soybean oil compared to emulsion fluid.

In addition, the tool life under NFMQL using soybean oil much improves and
is over two times longer than that under the case using emulsion fluid (Figure 5).
The investigation of tool wear is shown in Figures 6-8. They clearly reveal that
notch wear and flank wear on HSS end mills increase with the rise of cutting
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Figure 1.
Experimental setup [16].
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Figure 2.
The relation of cutting speeds and nanofluids to the cutting force F [16].

speeds from 18 to 30 m/min under MQL using emulsion. In addition to that, the
burn marks caused by heat deterioration develop. It can be explained that SKD 11
tool steel has extremely high wear-resistant properties due to a high carbon and
chromium (12% chrome) in chemical composition, from which it is grouped in
difficult-to-cut material. In increasing the cutting speed from 18 to 30 m/min,
MQL with emulsion-based fluid did not provide sufficient lubricating effects, so
cutting temperature increased rapidly to damage end mills. In contrast, soybean
oil has higher viscosity than that of emulsion, and the presence of Al,O; nanopar-
ticle additives contributes to improve the cooling and lubricating performance.
Therefore, soybean oil-based nanofluid exhibits the superior lubricating effects
to reduce friction coefficient in the cutting zone due to the easier formation of oil
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Figure 3.
The relation of cutting speeds and nanofluids to the cutting force F, [16].
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The velation of cutting speeds and nanofluids to the cutting force F, [16].

mist. In this study of end milling process of SKD 11 steel before heat treatment,
cutting heat did not exceed the ignition temperature of soybean oil. That is the
main reason why MQL using soybean-based nanofluid is better in this situation.
Furthermore, Al,O; nanoparticles with nearly sphere morphology suspended in oil
mist as “the rollers” play an important role in improving cooling and lubricating
effects. From those reasons, notch wear and flank wear on HSS end mills at cutting
speed V. = 30 m/min significantly reduce. Notch and flank wear lands after 85 min
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The velation of cutting speeds and nano-cutting fluids to the tool life [16].
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Figure 6.
Notch wear and flank wear (Ve = 18 m/min, emulsion-based nanofluid) [16].
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Figure 7.
Notch wear and flank wear (Ve = 24 m/min, emulsion-based nanofluid) [16].

of cutting are even lower than those of the case with MQL using emulsion-based
nanofluid after 40 min of cutting (Figures 8-9). The significant reduction of burn
marks indicates that the cooling and lubricating performance of soybean-based
nanofluid is better and also suits for sustainable production due to the use of
vegetable oil. Hence, tool life of end mill increases to 85 min even at cutting speed
of 30 m/min, which is also higher than the manufacturers’ recommendations [16].
According to ISO 8688-2:1989 (en) [17], the cutting speed for soft steels using
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Figure 9.
Notch wear and flank wear (Vc = 30 m/min, soybean-based nanofluid) at 85 min [16].

normal HSS end mills is recommended about 30-35 m/min, but for difficult-to-cut
steels like SKD 11, with hardness 200-250 HB, the cutting speed must be reduced
to 14-18 m/min to ensure the proper cutting performance and tool life [18].
Moreover, the cutting speed also increases from 18 to 30 m/min by using MQL
emulsion-based nanofluid, which reveals the better cooling and lubricating effects
compared to the pure fluids.

2.2 The important parameter of MQL nanofluid

The concentration parameter of nanoparticles enriched in based fluids is among
the most influential on machining outputs and costs, so it had been much studied
to find out the appropriate and optimized values. Garg et al. [19] investigated
the concentration effect of nanoparticles on micro-drilling process under MQL
condition. The experimental results indicated that this parameter caused the
significant reduction of drilling torque and power consumption. In the study of
Lee et al. [20], the proper concentration of diamond nanoparticles was found with
0.05 wt%, from which the reduction of friction coefficient was observed by 23%.
The authors concluded that diamond nanofluid provided the excellent anti-wear
and lubricating effects. Zhang et al. [21] studied the concentration parameter of
MoS; and CNT nano additives in MQL grinding. The improvement in lubricating
performance contributes to increase surface quality. Furthermore, hybrid MoS,-
CNT nanofluids provided the superior cooling lubrication compared to that of the
fluid with a single type of nanoparticles. Luo et al. [22] studied Al,O; nanoparticles
enriched in MQL based fluid and concluded that Al,0; nanofluid exhibited good
resistant ability for high temperature. Then, the cutting temperature is not high to
cause the reduction of wear rate, which is much smaller than that of dry condition.
Yildirim et al. [23] had done the study of MQL turning process of the difficult-to-
cut steel Inconel 625 using hBN nano additives. The better lubricating performance
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and surface roughness are reported from the obtained results, which led to reduce
friction coefficient and wear rate. The authors also concluded that the optimal

hBN nanoparticle concentration was 0.5 wt%. The experimental study on AlL,O;
nanoparticle concentration used as MQL based fluid in hard milling had been done
by using ANOVA analysis and response surface methodology (RSM), from which
the research direction was made for optimizing the concentration variable [24].
Figures 10-11 show the response surface plots of the relation of surface roughness
and cutting force versus nano concentration (np), cutting speed V,, and feed rate F.
It can be clearly observed from Figure 10 that, for better surface roughness, the
low value of nanoparticle concentration about 0.5 wt% is more preferable than the
larger ones (1.0 and 1.5 wt%). In contrast, the larger concentration (about 1.0 and
1.5 wt%) contributes to reduce the cutting forces and cutting temperature signifi-
cantly when compared to the lower one (0.5 wt%.). From those, the wear rate much
reduces by increasing the concentration of Al,O; nanoparticles to 1.0-1.5 wt%, so
the tool life prolongs (Figures 12-15). Accordingly, the nanoparticle concentration
must be chosen not only to ensure the good tool life but also to maintain the high
surface quality.

From Figure 13, the chip colors are well matched with the reduction of cutting
temperature. The dark purple and blue colors in the case of using np = 0.5 wt%
change to brown and dark straw one in the case of using np = 1.0-1.5 wt%, which
indicates that cutting temperature decreases [25]. It can be concluded that the
decrease of coefficient of friction and generated heat is reported by increasing
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Figure 10.
Response surface plots of surface roughness versus nano concentration and cutting speed (a), and nano
concentration and feed rate (b) [24].
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Figure 11.
Response surface plots of cutting force F, versus nano concentration and cutting speed (a), and nano
concentration and feed rate (b) [24].
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the concentration parameter of Al,O; nanofluid, leading to reduce cutting forces
and wear rate and prolong the tool life (Figure 14). From Figure 15, it clearly
reveals that during the first 40 min, the values of surface roughness are higher
when utilizing the high nanoparticle concentration (1.0-1.5 wt%). After that, the

Lens: Z20:X100]

Lens: Z20-X100|

B 0. 100

Lens: Z20:X100;

Figure 12.
Wear on flank face under MQL using soybean-based nanofluid at 8o min using different nano concentrations:
(a) 0.5 wt%, (b) 1.0 Wt%, and (c) 1.5 wWt% [24].
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Lens: Z20X150 Lens: Z20X150 Lens: 220X150

Figure 13.
Chip colors and micrographs with different AL,O; nanoparticle concentrations (at 80 min): (a) 0.5 wt%, (b)
1.0 Wt%, and (c) 1.5 wt% [24].
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Figure 14.
Tool life with different Al,O, nanoparticle concentrations [24].

rate of reduction of surface roughness values rapidly increases, which is contrary
to the case of using 0.5 wt%. It is the novel observation obtained from the valida-
tion experiments, which is conducted until the tool life ends to see the actual
phenomena after receiving the ANOVA and RSM results. Interestingly, the tool
life in the case of soybean-based nanofluid 1.5 wt% is equal to that of emulsion-
based nanofluid 0.5 wt%. It provides an important technical guide to enlarge the
applicability of vegetable oil-based nanofluid in hard cutting processes as well as
maintains its environmental-friendly characteristics.

However, each type of nanoparticles has its own specific morphology and
property, so the appropriate or optimal concentration parameters are different [26].
This is the up-to-date research topic. Accordingly, more investigations are needed
to make and build up the technical guides for manufacturers in machining practice,
even though many studies have been done to optimize these variables. In order to
develop MQL method, minimum quantity cooling lubrication (MQCL) has been
considered as another promising approach to solve the low cooling performance,
the main MQL drawback. It is also the newest research topic, which is discussed in
Sections 3 and 4.
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Figure 15.
Surface roughness Ra with different Al,O; nanoparticle concentrations [24].

3. Hard machining under MQCL condition

The large amount of heat generated from hard cutting is always the big chal-
lenge for selecting cutting tools and cutting condition while ensuring the technical
requirements, productivity, and proper manufacturing cost. Hence, providing
appropriate cooling and lubricating effects to cutting zone plays a vital role in
the development of hard machining processes. The applicability of those can be
enlarged to some or all of the traditional grinding processes. MQCL technique has
been proposed and developed to fulfill the cooling and lubricating requirements
and is also a solution for improving MQL method. Up to now, MQCL has drawn
much attention and has been studied in recent years. Maruda et al. [27, 28] made the
study on MQCL parameters using emulsion-based fluid in hard turning process.
The obtained results indicated that emulsion oil mist formed under MQCL condi-
tion plays an important role for improving the cooling lubricating performance in
the cutting zone and increasing the cutting condition. The formation of tribo-films
tends to occur easily with the droplets with smaller size, which help to decrease
the coefficient of friction, cutting forces, and wear rate [29, 30]. The better cool-
ing and lubricating effects of MQCL technique also reflect through the chip shape
and the reduction of chip thickening coefficient [31]. Pervaiz and his co-authors
[32] studied MQCL performance in the turning process of difficult-to-cut mate-
rial Ti6AI4V. The author concluded that cutting forces and tool wear reduced and
surface quality improved when compared to dry and flood conditions. It reveals the
better cooling and lubricating effects of MQCL technique. Krolczyk together with
his co-authors [33] investigated the parametric and nonparametric description of
the surface topography under dry and MQCL conditions using emulsion-base fluid.
The study results showed that the nozzle distance causes the strongest influence on
droplet diameter. The most outstanding finding of this research is that parameters
can be chosen for oil mist formation in a certain time, which is enough for creating
cooling and lubricating effects and then evaporating due to generated heat from
the cutting zone. Based on a brief review, it can be clearly seen that there is little
information of MQCL technique and most of the studies relied on the based fluid

11
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having cooling effect like emulsion oil to form MQCL method. The use of a real
cooling method assisted to MQL technique to form MQCL condition is a novel
approach. In this section, the author presents the newest advances in using the
principle of Ranque-Hilsch vortex tube for separating a compressed gas into hot and
cold streams from ordinary air [34], in that the cold stream is used to create cooling
effects combined with MQL method to form MQCL [35]. The deep study on hard
milling of SKD 11 steel (52-60 HRC) in terms of surface quality under MQCL con-
dition was done, and the results were compared to dry and MQL conditions. From
Figure 16, hard milling under MQCL method brought out better surface roughness
than those under dry and MQL conditions. The main reason is that MQCL tech-
nique provides sufficient cooling and lubricating effects, especially cooling effect,
which helps to reduce the cutting temperature and tool wear.

KEYENCE VHX-6000 Digital Microscope (Keyence Corporation, Osaka, Japan)
was utilized for studying surface microstructure and surface profile (Figure 17). The

[ ory
[ JmaL

0.30 4 0.292 B vacL
] I MQcL with MoS2 0.2wt%
I MQcL with MoS2 0.5wt%
: B vacL with MoS2 0.8wt%
] 0.202
020
S ]
=
© 0.15-
v
0.10 -
0.05-
0.00 -

Figure 16.
The average values of surface roughness Ra under different cooling and lubricating conditions (cutting speed
Ve = 110 m/min, feed rate F = 0.012 mm/tooth, depth of cut d = 0.12 mm, havdness of 56 HRC) [35].

Figure 17.
KEYENCE VHX-6000 digital microscope for studying machined surface topography.
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machined surfaces under different cooling and lubricating conditions are investi-
gated (Figures 18-22). The white layer and burn marks significantly reduced under
MQL and MQCL conditions compared to dry cutting because of cooling and lubri-
cating enhancement. The burn marks under MQCL condition are less than those
under MQL method due to better cooling performance (Figures19(a), 20(a)). In
addition, compared to dry and MQL conditions, the compression of machined sur-
face observed from the surface profile much reduces (Figures 18(b), 19(b), 20(b)).

(a) (b)

Figure 18.
Surface microstructure (a) and profile (b) under dry condition [35].

(b)

Figure 19.
Surface microstructuve (a) and profile (b) under MQL condition [35].

(@) | | (b)

Figure 20.
Surface microstructure (a) and profile (b) under MQCL condition using pure emulsion-based fluid [35].

13
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(b)

Figure 21.
Surface microstructuve (a) and profile (b) under MQCL condition using emulsion-based nanofluid of MoS,
0.2 wt% [35].

Figure 22.
Surface microstructure (a) and profile (b) under MQCL condition using emulsion-based nanofluid of MoS,

0.5 Wt% [35].

4. MQCL hard machining using nanofluids

The nanofluids used for MQL are successfully proven to be an alternative
solution for difficult-to-cut materials while maintaining its environmental
friendly property. Based on this idea, the use of nano additives in MQCL
method will bring out the promising solution to increase the hard machining
performance. The study of surface quality under MQCL using MoS, nanofluid
for hard milling is the first attempt to investigate the cooling and lubricating
effects [35]. From the obtained results, the values of surface roughness R, under
MQCL using nanofluids are lower than those of dry and MQL conditions. By
using MoS; nanoparticle concentration of 0.2 and 0.5 wt%, surface roughness is
even slightly better than that of MQCL with pure fluid, but the R, value rapidly
increases when increasing the concentration to 0.8 wt%. It can be explained that
the morphology of MoS, nanoparticles is ellipsoidal with the low friction coef-
ficient up to 0.03-0.05 or even lower [36], by which the better lubricating effect
contributes to improve the surface quality. On the other hand, nanoparticles pos-
sess the large surface area, which remain on the machined surface to form a thin
protective film, which amplifies with the increase of MoS, nanoparticle concen-
tration [37]. Furthermore, it also contributes to form MoS§; tribo-film easily [29],

14



The Characteristics and Application of Nanofluids in MQL and MQCL for Sustainable Cutting...
DOI: http://dx.doi.org/10.5772/intechopen.90362

which can be observed from the so-called microbubbles on the machined surface
(Figures 21-22). The protective film reduces and disappears when increasing the
concentration to 0.8%, which causes the negative effect on surface quality [37].
Moreover, the white layer and burn marks are much reduced due to superior
cooling and lubricating performance under MQCL condition using nanofluid.
From those, the hard machining ability of normal carbide tools improves sig-
nificantly and is about 157% higher than manufacturer’s recommendations [38,
39]. It is the most outstanding finding of this research, and also the proper MoS,
nanoparticle concentration in emulsion-based fluid was reported about 0.2 and
0.5 wt%, which provides a very important technical guide for further researches
and manufacturers. More investigations are necessary to be made for building up
technical guidelines and optimizing nanofluid parameters.

5. Conclusion

The application of nanofluids continues to receive growing attention in basic
science and machining technology. As shown, nano additives in based fluid of
MQL and MQCL methods improve the cooling and lubricating effects as well
as tribological property, thus increasing the cutting performance, especially for
difficult-to-cut materials. It brings out the alternative solutions for improving
productivity and reducing manufacturing cost. From those, the applicability MQL
technique having environmental friendly characteristic has been enlarged in hard
machining. Furthermore, the use of different types of vegetable oils can fulfill
the cooling and lubricating performance by suspending nanoparticles, which is
an interesting research topic and exhibits very promising results. On the other
hand, MQCL has been considered as another approach for MQL development to
overcome the low cooling effect. In this chapter, Ranque-Hilsch vortex tube, a real
cooling method, used for creating cooling effect from ordinary compressed air
rather than other gas sources to form MQCL method, is the first attempt applied
to hard cutting processes. Also, nano additives enriched in MQCL-based fluids
are the latest advances in the field of studying MQL and MQCL techniques. The
parameters of nanofluid, such as types and size of nanoparticles, concentra-
tion, and based fluid, play a key role in successful applications in metal cutting
practice, and more studies are needed to make further development and optimize
those variables. Those superior cooling and lubricating methods presented in
this chapter will contribute to the solutions to reduce/eliminate the cutting fluids
and replace dry and wet conditions. It is suitable for protecting our environment
and aims for a sustainable production. In the future work, more attention will be
paid on other types of nanoparticles, concentration, and parameters of MQL and
MQCL methods.
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Acronyms and abbreviations

Author details

depth of cut (mm)

cutting speed (m/min)

feed rate (mm/tooth)

cutting force (N)

high speed steel

hexagonal boron nitride

carbon nanotubes

minimum quantity lubrication
minimum quantity cooling lubrication
nanofluid minimum quantity lubrication
nanodiamond

nanofluid

nanofluids

nanoparticle

nanoparticles

analysis of variance
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