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Abstract— Minimum quantity lubrication (MQL) technique did not only serve as a better alternative to flood cooling during
machining but enhance better surface finish, minimizes the cost, reduces the impact loads on the environment and health hazards on
the operation personnel. However, the coolant or lubrication media used in MQL technique posed certain restrictions especially at
very high cutting speeds where the lubricating oil tends to evaporates as it strikes the already heated cutting tool at elevated
temperature. Desire to compensate for the shortcomings of the lubricating media in the MQL technique led to the introduction of
nanopatrticles in the cutting fluids for use in the MQL lubrication process. Nanoparticles have much higher and stronger
temperature-dependent thermal conductivity and enhanced heat transfer coefficient at very low particle concentration, which are key
parameters for their enhanced performance in many of the machining applications. Optimizing the nanoparticles concentration leads
to efficiency in most of their application. Their ball bearing effect lubrication at the cutting zone through formation of film layer
which reduces friction between the contact surfaces thereby reducing cutting force, temperature and tool wear. It has been reported
in various studies that nanoparticles introduction in cutting fluids led to excellent machining performance in reduction of cutting
forces, reduced tool wear, reduced cutting temperature and improved surface finish of the work piece thereby increasing productivity
and reduction of hazards to the health of personnel and the environment better than the pure or conventional MQL process. Thus,
the application of various nanoparticles and its performances in metal cutting operations with respect to the cutting forces, surface
finish, tool wear and temperature at the cutting zone are evaluated and highlighted.
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machining operation is considered as environmentally
I. INTRODUCTION friendly. MQL technique which has not only provided an
alternative to flood cooling or dry machining because of

Cutting fluids are essential component of machining h d d effici hini qucti f
process as it cools the cutting zone, lubricates the tool chipthanced and € icient machining process, reduction o

contact thereby reducing the friction and temperature hazard to operators and the_environmen_t alsp gave better
generated at the cutting zone. Even though cutting ﬂuidsper]formancel_ W'thf rEduced oil cocr;sumpstlon, 'P terms r?f
have a reasonably low cost, their handling and carrying cost urface quality of the output product. Several researches
are very high and, owing to their toxic nature, disposal of indicates 'ghat MQL lubrication technique is benef|C|a.1I to
used fluids is a big problem because of its hazards tometal cutting process .when pompared to _dry machining,
operators and the environment [1], [2]. Transition of the 100d cooling, cryogenic cooling or cool air. The MQL

metal working industries towards sustainable manufacturingteclhr(:i'ql?e progdei,l.supefrlor '“b”c"?‘te anq Iless wealrdon the
can be seens in the limitation of the use of conventional!00! during end milling of marten site stainless steel due to

coolant and coolant strategies [3]. Researches in thethe formation of a thin film that protects the tool from

machining industry are gear towards achieving green SXCeSsive wear was reported [B]QL in comparison with

machining environment without compromising efficient flﬁggog%%“r_'g andh dry maCh'?f'”g dra;tlcally_ m|n|m|zed
machining operation and output. Among the alternative Ways( ' times) the negative effect on the environment an

of conventional coolant usage reduction, dry machining angoperators physiology, resulting from ample use of coolant

those using compressed air and minimum quality lubrication " m"'"?g and_ hre(;juces j[he cuttin_g :‘orc7e %onsiderablri/ in
(MQL) technique [4] or using cool air or cryogenic [5] when CcOmparison with dry cuttingespectively [7]. However, the
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lubricating oil in the MQL technique tends to evaporates as ~ 072 I ,
. . . K e -&- | vol% !

it strikes the already heated cutting tool at high temperature. E 070 | *2vol% - : e 4‘
Thus, the MQL cooling/lubrication technique becomes less g -*-3 vol% : i
effective in ensuring efficient machining process especially > 0.68 :;::“fm -
when high speed machining is involved. The need for E .
coolant that will amongst other things withstand excessive g 0.66 T— —
heat generated in the cutting zone, reduction of friction and 8§ o6t

lowering cutting force necessitated the introduction of high c; '

thermal conductivity nanoparticles in the base cutting fluids E 062 —

to eliminate or reduce drastically the shortcomings of the E

conventional coolants in MQL techniques. Nanofluids are 0.60 : TS T DR ;
new classes of fluids engineered by dispersing 0 10 20 30 40 S0 60 70 8 90 100
nanometerized materials  (nanoparticles, nanofibers, Temperature (°C)

nanotubes, nanorods etc) usually in the range of 1~100 nm
in based fluids which could be deionized water, mineral,
esters or vegetable oils [8].

Fig. 1a Temperature-dependent Thermal Conductivity [23]
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Il. MATERIAL AND METHOD

b4

The concept of nanofluid was first coined [9] at Argonne
National Laboratory but have since then generated much
interest due to its great heat transfer enhancement as
reported [9], [10], mass transfer [11], and wetting and
spreading [12]. It is an established fact that metals in solid
form at room temperature possess higher thermal
conductivities than those of base fluids [13]. Investigation
conducted by several researchers reveals that nanoparticles

- -
=] N

Thermal Conductivity Enhancement (%)
o

enhanced the inherent properties of the based fluids and tend ol
to improve the thermal performances of the working fluids.

Approximately 20% increase of thermal conductivity was % o1 o3 o3 o3 o5
attained when CuO nanoparticles was used in a suspension Velume Concentration (%)

of ethylene glycol [14]. The thermal conductivity of 0.3% Fig. 1b Thermal conductivity enhancement as function of volume
copper nanoparticles in ethylene glycol based fluid increasedconcentration [23]

by 40% in comparison to that of the base fluid [15]. The . _— . . -
addition of Multi-Walled Carbon Nanotubes (MWCNT) A. Nanofluid Application with MQL in Machining

could increase the thermal conductivity of nanofluids up to ~ Friction and wear result in the increase of energy
150% [16]. Nanofluids in comparison with base fluids consumption and the reduction in the life of mechanical
possess higher thermal conductivity, heat transfer coefficientparts. Application of nanofluids as coolant and lubricant
higher viscosity, flash and fire points [17]. Nanofluids can results in lower tool temperature, lower tool wear, better
used to improve heat transfer and energy efficiency in asurface quality and minimised environmental dangers [24]
variety of thermal systems [18]. They found to have greatthan most other oils and conventional coolants. Nanofluids
potential in heat transfer enhancement, which made themare known to enhance the tribological properties of base
suitable for practical application in heat transfer and thermalfluids. The tribological properties of graphite nanoparticles
engineering processes [19] The heat transfer improvemenﬁs a Vegetable'based oil additive with a pin-on-disk friction
of about 40% can obtain when compared to the base fluid ofand wear tester was investigated [25]. They reported that
Al203 [20]. For copper oxide (CuO)-water nanofluid at 2% friction reducing and anti-wear properties of the pure oil
volume concentration, the overall heat transfer coefficient Were significantly improved by the graphite nanoparticles
and pumping power are more than that of the base fluid [21].2ddition. Further improvement of the MQL technique was
Nanofluids has been utilized extensively in the convective achieved with the introduction of nano lubrication into metal
heat transfer applications. The internal combustion enginecutting processes, which confers rolling action of billions of
performance improved by 10% with the use of nanoparticle Nanoparticles at the tool chip interface thereby reducing
suspended in commercial engine coolant [22]. They havefriction and thermal deformation of the work piece in
much h|gher and Stronger temperature-dependent thermaﬁddition to less Consumption of |Ubricating oil as well as
conductivity and its value increases with particles reduced pollution activities [26]. Some of the nanoparticles
concentration [23]. This property of nanofluids as shown in used for nanofiuid application in metal cutting processes
Figures la & 1b, is a key parameter for their excellent includes but not limited to the followings: exfoliated nano-

performance in many of the heat transfer applications. graphene (xGnP), hexagonal boron nitride (hBN), copper
oxide (CuO), aluminium oxide (ADs;), molybdenum

disulphide (Mo%), carbon nanotubes (CNT), iron oxide
(F&0s), nanographite, multi wall carbon nanotubes
(MWCNTSs), nanoboric acid, silicon oxide (SiQtitanium

oxide (TiG,), silicon carbide (SiC) nanodiamond, etc.
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Improvements through the introduction of nanofluid in MQL media (nano-diamond of 2 level concentration, nan®Al
technique of lubrication during machining operation in all of 2-level concentration, dry air and pure MQL of the
the traditional machining processes highlighted below. paraffin based oil) was studied by [30] in 2012. The
experiments carried out in a miniaturized grinding machine
tool system with the following grinding conditions: spindle
speed- 80000 rpm, feed rate 120 mm/min and depth of cut- 5
pum. The flowrate for MQL mist are 7.5 cc/hr for the
nanofluid and base oil, while the dry air was supplied at 410
I/min. The force signals obtained by a 2-axis load cell
attached to the DC motor-driven slide. Two levels of three
independent variables — nanoparticles size, concentration

. . and size considered in the experiments. The nanoparticles
studied [27]. The experiments conducted on a SMART- concentration considered are 2% vol. and 4% vol. while

H1224 surface grinding machine with the following : .
conditions: grinding parameters: wheel speed (10.89, 16.34partICIe size of 30nm and 150nm selected for both

. anodiamond and nano-A);. They observed that the
o 2 el e speed (3,8 and 15 i) 0 €28 lctusion of nanoparcle (ranodiaonds and nanoA
the MQL ' rinding are ulSrﬁI/hr and 1.5bar res e(F:)tiveI The in paraffin oil based MQL produces a significant reduction
- 9 9 : » b Y. of grinding forces and improving surface quality in micro-
grinding forces measured online with a KISTLER 9257B findin rocess. In addition. thev stated that surface
piezoelectric dynamometer, coupled to KISTLER 5070A 9 gp ' ey : :
) ) ' e roughness better enhanced with smaller particle size
multichannel (six components) amplifier and computer data nanoparticles as they produce smoother surface in
acquisition software (Dyno Ware). The mean value was

taken after each pass. The ground surface roughness on the mparison with larger particle size of 150nm. Nango4

other hand was measured by Taylor Hobson Talysurf particles are more effective than nanodiamond particles for

Profilometer. They reported that grinding forces reduced redgcmg _surfacg rough_ness e_spemally in the case of larger
S . . . particle size, which easily attributed to the smaller hardness
significantly using nano cutting fluid even at lower

’ . T . of nano-AbO; particles than that of the nanodiamond.
concentration of nanoparticles as shown in Fig. 2a, while
surface finish improved significantly with increase of

1) Grinding Operation: Nanofluid applications with
MQL technique in grinding operation have been reported by
several researchers. The effect of nanofluid MQL on the
grinding characteristics during the grinding of titanium alloy
with silicon carbide grinding wheel, SiC (CGC60-K5-VG)
using four different lubrication media (water based Castrol
oil cutting oil at 1:40 concentration, pure water and water-
based AIO; nanofluids of 1% and 4% concentration) were

nanoparticle  concentration when compared with 800
conventional coolant and pure water under MQL. In 7.00 7 = Normal Foree -~
addition, the cutting force both in normal and tangential Z 600 | = Tangential Foree
were reduced effectively nano-&;which can be attributed § 5.00 1
to the enhanced lubrication and cooling characteristics of the =, 4.00 -
nano-cutting fluid. = 3.00 -

The effect of carbon nanotubes (CNTs) and molybdenum & 2.00
disulphide (Mo$%) nanoparticles concentration on the 1.00 - . .:
grinding ratio (G) and surface quality of the ground 0.00 -
workpiece under MQL grinding of Ni-based alloy was Water  Coolent 1% AI203 4% Al203
investigated [28]. The experiments conducted using K-P36 MQL Type ( Vg=10.89m/sec, Vw=3m/min, a= 10microns)

numerical control precision surface grinder, nanofluid Fig. 2a Grinding forces using MQL under various cooling media [27]
transfer device (Bluebe MQL supply system) and the
measuring cell YDM-11199 3D dynamometer and TIME3220
roughness tester to measure the grinding forces and the
surface roughness for all cutting condition respectively.
They reported that increase of concentration was enhanced
lowers grinding force ratio (G) which improves lubrication
and better surface quality as shown in Fig. 2b. All the cases
of nanoparticle inclusion in MQL indicated a superior
performance over pure MQL grinding with grinding force
ratio (G) of 0.274, 0.281 and 0.293 for CNTs-MoSxed,
MoS, and CNTs nanofluids respectively as compared to
0.347 of pure MQL lubrication. Water based aluminium
oxide (ALO;) and diamond nanofluids was used in the MQL 0.274
grinding process [29]. They compared the wheel wear and 2% 4% 6% 8% 0%  12%
tribological characteristics in wet (pure water), dry, and Concentration  (wt.%)
MQL grinding processes with nanoparticle grinding of cast
iron. They reported a reduction in grinding forces, improved
surface roughness and lower grinding temperature with
MQL nanopatrticles lubricant. 2) Drilling Operations: Drilling operations in metal
The effect of a nanofluid MQL during micro-grinding cuttingindustries have enhanced with improved lubrication
process of a tool steel material with a CBN 270 grinding tool methodologies. Characterization experiment of micro-
in a series of experiments under four different lubrication drilling process using nano-diamond particles suspensions in

—m—CNTs-MQL —— Mix - MQL
—e=—MoS,-MQL ---- MOL

0.38 ‘

0.36

0.34

0.32

Grinding force ratio  (G)

Fig. 2b Grinding force ratios under condition of pure MQL and
nanofluids [28]
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paraffin and vegetable oils with uncoated carbide twist drills Al,Oz nanoparticle and Coolube vegetable oil with flow rate
(DIXI 1138) for making of holes in Aluminium 6061 of 100ml/h used for lubrication incorporated with MQL
workpiece was conducted [31]. The experiments conductedtechnique and dry cutting. The nanolubricants prepared in
under the following conditions: spindle speed, feed rate andtwo varying concentrations of 4% volume and 6% volume.
drilling depth of 60,000 rpm, 50 mm/min and 0.4 mm The surface roughness measured by a Taylor-Hobson
respectively under fours lubrication environments of Surtronic 3+ Talysurf while the K-type standard
compressed air, pure MQL of paraffin and vegetable oils andthermocouple and the four-component piezo electric Kistler
nanofluids of two level inclusions in the paraffin and dynamometer were used to measure the temperature at the
vegetable oils. The spherical shaped nano-diamond of 30 nminterface and the cutting forces respectively. They reported
particle size dispersed at 1% and 2% nano-diamondthat addition of AJO; nanoparticles in MQL resulted in
inclusions in each of the base oils to prepare the nanofluidssignificant reduction of tool tip temperature, cutting forces
used for lubrication. The drilling torques and thrust forces and tool wear when compared with dry and pure MQL
during micro-drilling experiments recorded by the conditions in addition to better chip formation. The tool wear
torque/load cells. They reported that in addition to shown graphically in Fig. 4 and surface roughness improved
significantly increasing the number of drilled holes and significantly and further enhanced with increase of
reduction of drilling torques and thrust forces, nanofluid nanoparticle concentration.
MQL enhances the quality of drilled holes due to its The effect of nano graphite suspended in water soluble olil
effectiveness in elimination of chips inside the drilled holes with MQL technique during turning of AISI 1040 steel using
and burrs around it, resulting in enhanced productivity. HSS and cemented carbide (CNMG 120408 H-13A) tools
The effect of nanofluid-MQL related parameters (nozzle was studied [34]. The effect on cutting force, temperature,
distance, volume concentration of nanofluid and air pressureyurface roughness and tool flank wear evaluated using the
on the micro-drilling of 7075-T6 aluminium alloy with a nano cutting fluid lubricant. The experiments conducted
micro-drill tool (DIXI 1135) of 200um under different under the following cutting condition: cutting speed of 105
lubrication media of dry, MQL and nanofluid MQL were m/min, feed rate of 0.14 mm/rev and 1 mm depth of cut.
evaluated [32]. The variation of the lubrication parameters Nano cutting fluid of nano graphite particles of 80 nm and
with thrust force and torque, temperature, tool wear andwater soluble oil with flow rates of 5, 10 and 15 ml/min
micro-drilling chips and burrs investigated. The experiments were used for lubrication. The temperature was measured the
conducted under the following conditions: spindle speed- 48,shielded K-type thermocouple embedded at the bottom of
000 rpm, feed rate- 8 um/rev and drilling depth- 0.52 mm. tool holder. The cutting force and the surface roughness
They opinedthat the use of nanofluid MQL significantly measured by Kistler piezo electric dynamometer model 9272
reduces the micro-drilling force and torque in addition to and Talysurf of diamond stylus material respectively. It
reducing burr wear in the micro-drilling tool as shown in observed that under constant cutting conditions, enhanced
Fig. 3. Nanofluid inclusion in base fluid enhances the reduction in flank wear, cutting temperature, cutting forces
drilling process over the pure MQL and other lubrication as and improved surface roughness achieved with cutting fluids
thrust forces and torques significantly reduced in addition to with nanoparticle when compared with pure cutting fluid.
the efficient removal of chips from drilled holes thereby The effect of nanographite dispersed in vegetable-based

producing quality holes. oil and ester oil as base fluid during turning of AISI 1045
steel with two cutting inserts of uncoated carbide
200 ODry  SMQL  ONanoFluid MQL(2wt%) investigated [35]. They reported that application of graphite

oil-based nanofluid MQL significantly reduced the cutting
force and temperature as shown in Fig. 5. In comparison
with dry, the application of nanofluid reduced the
temperature by 11.9% and 21% at cutting speeds of 55 and
96 m/min respectively. The performance of vegetable oil
based nanofluid with dispersion of molybdenum disulphide
nanoparticle (nMog in different based oils of coconut
(CC), canola (CAN) and sesame (SS) in turning AISI 1040
steel was evaluated [36]. Experiments were conducted under
Fig. 3 Effect of thrust force under different lubricating condition of dry, the fOIlOWIﬂg cutting conditions: cutting speed (40, 60 and
pure MQL and nanofluid MQL [32] 100 m/min), feed rate (0.14, 0.17 and 0.2 mm/rev) and
constant depth of cut of 0.5 mm. Machining conditions are
) . : . selected in conformity with tool and work piece combination
3) Turning Operation with MQL Nanofluid: Several ... with MQL flow rate of 10 ml/min. The nanofluids were
researc_hers repqrted the enhancement . of MQL W.'th prepared with nanoparticle inclusion of 0.25%, 0.5%, 0.75%
nanofluid application. The effect of nanoparticles suspension, .4 1 994 in all the base oils. The cutting force were
in vegetable oil on surface roughness, tool wear, cutting ,ooqired using Kistler 5070 dynamometer which is
forces and temperature dissipation during the turning mounted onto the lathe tool post and the measured forces
operation of Inconel 600 of 20mm diameter using coated were tracked using dynoware software. Based their

carbide tO(.)I inserts (CNMG1 20 408-HF) was studied_ _[33]' observation, basic properties of nanofluids increased with
The experiments conducted under the following conditions: increase nanoparticle inclusion in the base fluids. In

cutting speed (40, 50 and 60 m/min), feed rate (0.08, 0.12, 4dition. CC+0.5%nM hibited better performance over
and 0.16 mm/rev) and depth of cut (0.4, 0.8 and 1.2 mm). Hon, -S%nMogexhibi P v

1.50

1.00

0.50

Average Thrust Force(N)

0.00
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the other nanofluids and the cutting force, cutting investigated by [38]. The machining test carried out on
temperatures, tool wear and surface roughness were reduceeertical machining centre (Sakai CNC MM-250 S3) with a
by 37%, 21%, 44% and 39% respectively when comparedmaximum rotational speed of 5,000 m/min. The workpiece

with dry machining. of dimension 50x20x10mi was machined underhe
o following cutting conditions: cutting speed, feed rates, and
o DY () depths (75.408 m/min, 100 mm/min, and 1.0 mm),

respectively, based on the recommendations given by the
tool manufacturerAlumicut lubricant mineral based oil was

chosen for lubrication because of its favourable lubrication
characteristics to reduce friction at the tool-chip interface.

They reported that carbon onion nanotubes could lower the
e cutting force and temperature at cutting zone thereby
004 | reducing wear rate and thus improving surface finish. It was
el l observed that the MQL nanofluid lubrication gave better
: performance than the pure MQL and the reduction of cutting
0 4

NI TSI P force and surface roughness improvement were further

enhanced at higher carbon nanotubes concentration as shown

Fig. 4 Response graph at optimal parameters for tool wear [33 . . . .
9 P grap P P s3] in Fig. 7. The cutting force reduction and surface roughness
1100 improvement found to be 21.99% and 46.32% respectively
1000 £ I Ory [l MGL with LB2000 when compared with the ordinary lubrication system at same
~ goof| lMQL with PriEco6000 cutting conditions. The results mainly attributed to the
X Il Graphite-LB2000 nanofluid MQL (0.1wt. %) h d tribological fi f th b .
S 800F [l Graphite-LB2000 nanofiuid MQL (0.5wt. %) enhanced trinological properuies or the carpon onion
2 700} [ Graphite-PriEcos000 nanofiuid MQL (0.1wt. %) nanotubes, which act as billions of nanoscale quasispherical
5 og fL S GrphiterPriceBlos nencliukl MG (9 8t ) structure rolling elements at the tool-chip interface thereby
£ 500 reducing significantly coefficient of friction at the zone.
-g 460 170
S 300 160 "_—_’

200

150
100 140 =4=DRY

0

3 96
Cutting speed/(m/min)

Cutter Temperature( °C )

130 MQL
120 =8=MWCNTs/MQL.0.5wt.%
10

500 1000 1500 2000 2500 3000
Cutting Length(mm)

Fig. 5 Variation in cutting temperature with cuttirspeed for various
cooling/lubrication conditions [35]

Fig. 6. Cutting temperature under different coolant conditions [37].

4) Milling Operation with MQL Nanofluid: Nanofluid
integrated with MQL lubrication used to improve machining ~ The effect of nanographene enhanced lubricant during
performance of milling operations. The effects of optimal ball milling of AISI 1045 steel with a 25mm diameter ball-
MQL integrated with MWCNTs with dry cutting and pure nose TiAIN coated carbide inserts (ZPFG250-PCA 12M)
MQL on the cutting force, cutting temperature, tool wear under MQL nanofluid (0.1 and 1 wt.%) and pure vegetable
and surface roughness under same cutting conditions: cuttin@il MQL was investigated [39]. The ball milling experiments
speed (100, 150 and 200 m/min), feed rate (0.05, 0.1 and 0.2vere conducted under the following cutting parameters:
mm/tooth), coolant angle of ejection (90°, 180° and 270°) cutting speed range (3500 and 4500 rpm), constant feed rate
and nanofluid concentration (0, 0.25 and 0.5 wt.%) were 0f 2500 mm/min and depth of cut (axial — 1 mm and radial —
investigated [37]. The cutting force and cutting temperature 0.6) to evaluate the effect of the lubrication techniques on
were measured by a KISTLER dynamometer and a FLIRthe flank and central wears. They reported that
A320 infrared thermal imager respectively. The surface nanographene enhanced lubricant exhibited better
roughness meter (Mitutoyo, SJ-210) used to detect theperformance than the pure MQL especially for the central
surface quality. Tool wear value measured with SEM (JSM- wear.

6380, JEOL) and a measuring microscope. They reported 04
that MWCNTs-MQL provided efficient lubrication and the T 03
superior thermophysical properties of the nanofluid 2 03
enhanced rapid elimination of excessive friction and heat E 025
from the tool and workpiece interface. The cutting 3 02
temperature as indicated in Fig. 6, and tool wear are g 015
therefore reduced more effectively, which enhanced surface g 01
finish than dry cutting or pure MQL. @ 005

The effects of tribological properties of carbon onion 0
nanotubes in mineral oil, on the cutting force reduction and
surface quality improvement during CNC end-milling of

Duralumin AL-2017-T4 under MQL lubrication was Eg] 7 Surface roughness recorded at different carbon onion concentration

0.0 0.5 1.0 1.5

Carbon onion concentration (%wt)
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[1l. RESULT AND DISCUSSION

Nanofluid integration with MQL has improved machining
output over time in comparison with pure MQL or other

lubrication methods. Machining parameters such as cutting , X :
force, cutting temperature, tool and flank wear, surface The effect of increase of volume concentration as it affects

roughness etc. have improved greatly in addition to the thermal conductivity of nanofluid and its subsequent

reduction of loads on the environment and enhanced safetP€rformance in application were evaluate. At higher volume

of the personnel. The cutting force in grinding [27], [29]- concen_tration of nanopatrticles, _m_achining responses are
[30], drilling [31], turning [33]-[36] and milling [37]-[38] furthgr |mpr0ve(_j upon. However, it is o_bserved that b_eyond
decreased significantly with the use of nanofluid integrated Cert@in level of increment of concentration, the effect is less
with MQL technique when compared to pure MQL and significant while in some cases, it causes agglomeration of
other Iubrication medium. From Fig. 2a, the comparison of particles in base fluid that hinder efficient performance. The
nanofluid MQL with water and conventional coolant under Performance of nanofluid integrated with MQL in metal

MQL indicated superior performance of the nanofiuid MQL cutting in the areas of reduction of cutting force, cutting

lubrication and cooling. The efficiency of nanofluid in metal

cutting operation can be attributed to the enhanced thermal
conductivity and heat transfer coefficient that are key to its
superior performance over other lubricants/cooling method.

lubrication. The force reduction could be attributed to the

enhanced lubrication and cooling characteristics shown by"0ughness , ,
elongating tool life and the safety of environment and

nanofluids. Fig. 2b shows the how increase of volume

temperature, grinding force ratio (G) in grinding, surface

improvement, tool wear reduction thereby

concentration of nanoparticles lowers the grinding force P€rsennel are highlighted.

ratio (G) which is important criteria for enhanced lubrication
in grinding. The optimum value of the grinding force ratio
was attained at 8% for CNTs-Mg®ixed and Mo$ while
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Surface
enhanced with nanofluid MQL than other lubrication method
as efficient lubrication reduces cutting force, friction
between workpiece-tool interface and conduction of heat;
away from the cutting zone [37]. The surface roughness of[2]
machined component is further enhancing with increase of
nanoparticles concentration in base cutting fluid as shown in
Fig. 7. Similarly, increase of nanoparticle concentration in
vegetable oil from 0.1wt% to 0.5wt% in comparison with
ester oil at same level of increment indicated a superior[4]
performance of the vegetable oil based nanofluid over the
ester oil based nanofluid as can be seen in Fig. 5. The
temperature generated in machining reduced with the
elimination of excessive friction and heat away from [5]
workpiece and tool interface. The superior performance of
nanofluid MQL over pure MQL indicated in Fig. 6 in terms
of temperature reduction. The tool wear has great impact ongj
the surface finish of the machined component and the tool
life of the cutting tool. The use of nanofluid integrated with
MQL in machining reduces the cutting forces, temperature
that influences reduction of excessive tool wear and [7]
elongation of tool life. Fig. 4 indicated a reduction of tool
wear in MQL nanofluid in comparison with pure MQL and
dry cutting. The tool life was enhanced by 45% with MQL 8]
6% Al,Ozin MQL as coolant when compared to dry cutting.

(3]

IV. CONCLUSIONS [

Cooling and lubrication are very important in metal
cutting process due to the reduction of negative effect!10]
resulting from interaction of cutting tool and workpiece.
Machinability factors such as tool wear, surface roughness,
cutting force and chip morphology [40] are usually affected [11]
without efficient cooling strategy. Researchers have reported
the introduction of nanoparticles in base cutting fluid into [12]
MQL lubrication technique and its improvement of
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