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A B S T R A C T

Friction and wear characteristics of water-based nanofluids were studied. Deionized water-based nanofluids
were prepared with alumina (Al2O3), hBN, MoS2, and WS2 nanoparticles. Tribological study of the prepared
nanofluids was undertaken on a ball-on-disk tribometer in minimum quantity lubrication (MQL) mode on Ti-6Al-
4 V workpiece. The effect of flow rate on the coefficient of friction (μ) and wear of the workpiece was reported
for different nanofluids. 3D profiles of the wear tracks were obtained to study the wear depth and wear profile.
Alumina-based nanofluids have shown excellent performance in terms of friction and wear as compared to the
other nanofluids. The coefficient of friction, wear track depth and specific wear were reduced by 53.89 %, 23.4
%, and 37.03 % respectively for alumina nanofluid in MQL mode as compared to the dry environment. A
commercial cutting fluid (UNILUB 2032) was used for comparative studies. The commercial cutting fluid per-
formed slightly better than the alumina nanofluid, both used in MQL mode. Even though hBN, MoS2, and WS2
are solid lubricants, their performance as nanofluids in MQL mode was not better than alumina nanofluids.
Alumina particles, being spherical shaped, were able to provide better lubrication owing to the ball-bearing
effect. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) of the wear tracks
were conducted to understand the mechanism of friction and wear reduction. Micromilling experiments were
done on Ti-6Al-4 V using the prepared cutting fluids in MQL mode to evaluate their effect on machining forces
and burr formation. Alumina nanofluids and the commercial lubricant have shown significant reduction in
machining forces and burr formation as compared to the other nanofluids. This is in correlation to the tribo-
logical performance of these cutting fluids.

Introduction

The demand for miniature sized components has increased rapidly
in the last few decades in the fields of electronics, automotive, medi-
cine, aerospace, communications, etc. Mechanical micro machining
processes like micromilling have distinct advantages over lithography
and laser-based techniques like the ability to machine complex 3D
features on both metallic and non-metallic materials with high preci-
sion [1], and the ability to machine high aspect ratio structures like thin
walls [2]. The formation of burrs in mechanical machining processes is
a well-known phenomenon and is a challenge in micromilling since the
relative size of the burrs to the dimensions of the component is large

[3,4], and these burrs negatively affect the quality and functionality of
the final product. This is mainly due to the dominance of ploughing,
rubbing, and plastic deformation in the material removal process [5]
arising as a result of size effects at the micro-scale [6].

Minimisation and control of burr formation in micromachining has
gained increased importance due to the wide range of applications of
these processes. Lee and Dornfeld [3] have reported that in micro-
milling, built-up edge tends to remain on the tool for longer and the rate
of wear decreases as the cutting velocity increases, thereby decreasing
the burr size. Lee and Dornfeld [7] have further studied the burr for-
mation in micromilling of aluminium and copper and reported that
most of the burrs formed are top burrs. Cheng et al. [8] have studied the
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top burr formation in micromilling of Ti-6Al-4 V and have observed that
the downmilling burrs were larger than the upmilling burrs. They have
also reported that the burr size can be significantly reduced when the
feed rate is sufficiently larger than the maximum uncut chip thickness.

The use of metalworking fluids has been integral to the metal cut-
ting processes since these fluids aid in improving product quality and
increased productivity. Flood cooling has several advantages like re-
ducing tool wear, chip-tool interface temperature, work-tool interface
friction, and surface damage on the workpiece. However, these fluids
also pose problems related to the environment, human health, higher
cost of handling and disposal of cutting fluids, and a need for sustain-
able manufacturing [9,10]. Hence, researchers have turned to sustain-
able alternatives like minimum quantity lubrication (MQL). In MQL, a
small amount of cutting fluid is atomized, mixed with compressed air,
and directly applied to the machining zone effectively [11]. Sun et al.
[12] have compared MQL and flood cooling using soluble oil while end
milling Ti-6Al-4 V. They have reported that MQL achieves the best lu-
bricating effect, thereby resulting in a reduction of machining forces
and tool wear.

Titanium alloys have certain unique properties like high strength to
weight ratio, high-temperature strength, fracture toughness, and good
corrosion resistance which has resulted in the being widely used in the
fields of aerospace, bio-medical, defence, etc [13]. But these alloys are
considered difficult-to-machine due to high chemical reactivity with the
tool materials [14]. This has led to increased research to improve the
machinability of titanium and its alloys. Vazquez et al. [15] have stu-
died the effect of different cooling and lubrication conditions during the
micromilling of Ti-6Al-4 V. They have reported that MQL has offered
the best dimensional accuracy of the micro-channels whereas flood
cooling produced a dimensional error of 20 %. They have also observed
that MQL has resulted in better surface finish as compared to flood
cooling. Ziberov et al. [16] have studied the effect of the application of
cutting fluid on the tool wear, burr formation, and machined surface
during micromilling of Ti-6Al-4 V. They have reported that MQL has led
to an absence of built-up edge which resulted in a reduction in burr
formation and surface roughness while increasing the tool wear.

The addition of nanometer-sized particles to the traditional me-
talworking fluids has several advantages. These “nanofluids” are known
to be better than the pure fluids in terms of heat transfer coefficient
[17,18], coefficient of friction [19–22], viscosity, density [23], and
load-bearing capacity [20,22,24]. A lot of research is being carried out
to assess the role of nanofluids in lubrication. Nanofluids have shown
superior anti-friction and anti-wear properties as compared to con-
ventional lubricants. Spherical nanoparticles like alumina (Al2O3),
CuO, and diamond act as nano ball-bearings, thereby reducing the
friction between sliding components [19,21,22]. These nanoparticles
also get entrapped in the surface asperities of the workpiece, thereby
strengthening the lubrication film created by the base fluid
[20,20,21,22]. Solid lubricant based nanoparticles like hBN, MoS2, and
WS2 impart lubricating properties to the base fluids as these particles
have a graphite-like lamellar structure with layers able to slide over one
another, thereby reducing friction [25,26]. These nanofluids, when
used as cutting fluids in MQL mode, have shown superior performance
as compared to conventional cutting fluids in terms of machining
forces, temperature, surface finish, and tool wear. Liao et al. [27] have
studied the effect of nanofluid MQL and flood cooling in the grinding of
Ti-6Al-4 V. They have reported that the grinding forces, coefficient of
friction, and wheel loading have reduced in the case of nanofluid MQL.
Setti et al. [28] have studied the performance of MQL using water-based
Al2O3 and CuO nanofluids during the grinding of Ti-6Al-4 V. They have
reported that the addition of nanoparticles has improved the lubricity
of the cutting fluids, reduced the grinding temperature, and improved
the grindability of the work material. Kim et al. [29] have studied the
performance of nanodiamond MQL during micro end milling of Ti-6Al-
4 V. They have reported that the addition of nanodiamond particles has
enhanced the lubricating effect of the cutting fluid which resulted in

significant reduction in burr formation and surface roughness.
Past literature has discussed the mechanism of lubrication using

different lubricants like synthetic oils, nanofluids with spherical nano-
particles, and solid lubricant based nanoparticles in conventional flood
cooling mode. But the lubricating mechanism of these fluids in MQL
mode has not been studied much. Further, limited literature is available
on the correlation between the anti-friction and anti-wear properties of
these fluids and the mechanism of burr formation in micromilling. Very
few studies have been reported on the application of solid lubricant
based nanofluids in MQL mode in micromilling. The present study is
aimed at evaluating the anti-friction and anti-wear properties of water-
based alumina, hBN, MoS2, and WS2 nanofluids in MQL mode using
ball-on-disk tribometer. None of the four nanopowders (Al2O3, hBN,
MoS2, WS2) used in the present study are known to cause any negative
ecological impact and are completely stable. Further, they are not
known to have any toxic effects on long term exposure [30–33]. A
commercial lubricant (UNILUB 2032) has been tested for comparison
purposes. Further, the effectiveness of these nanofluids in reducing the
machining forces and burr formation in micromilling of Ti-6Al-4 V alloy
has been studied.

Materials and methods

Preparation of nanofluids

Alumina (Al2O3), hBN, MoS2, and WS2 nanoparticles (Nanoshel,
India) of average particle size less than 100 nm were dispersed in
deionized water using an ultrasonic probe sonicator (PCI Analytics,
India). Transmission electron microscope (TEM) images of the nano-
particles are shown in Fig. 1. Alumina particles are spherical in shape
and hBN, MoS2, and WS2 have a layered structure. The properties of the
nanoparticles are shown in Table 1. Dispersion was carried out for one
hour at a sonication frequency of 20 kHz and a power of 300W at a
constant temperature of 25 °C. Several surfactants were tested to sta-
bilise the dispersions like sodium dodecyl sulphate (SDS), poly-
vinylpyrrolidone (PVP), cetrimonium bromide (CTAB), and sodium
dodecylbenzene sulfonate (SDBS). Out of the tested surfactants, SDS
was found to be the best for alumina, MoS2, and WS2 nanofluids, and
PVP was found to be the most suitable for hBN nanofluids. Stability of
the dispersions was assessed visually by observing the nanofluids 24 h

Fig. 1. TEM images of the as-received nanoparticles.
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after preparation as shown in Fig. 2. A synthetic ester-based commercial
lubricant (UNILUB 2032) has also been used for studying its suitability
as a cutting fluid in comparison to the prepared nanofluids. UNILUB
2032 is a non-water soluble lubricant consisting of a mixture of esters,
manufactured from natural fatty acids (>C16) and sterically hindered
alcohol. Composition of the prepared nanofluids is shown in Table 2.

Minimum quantity lubrication (MQL) setup

Tribology experiments and subsequent micromilling experiments
were conducted in dry and MQL environments. An MQL setup devel-
oped in-house has been used for this purpose. Schematic of the MQL
setup is shown in Fig. 3. The system comprises an air compressor, a
pressure regulator, a medical-grade syringe infusion pump (Life Plus

Table 1
Properties of the nanoparticles as provided by the manufacturer.

Property Al2O3 hBN MoS2 WS2

Purity 99 % > 99 % 99.9 % > 99 %
Average particle size (nm) < 100 70−80 80−100 80−100
Specific surface area (m2/g) 15−20 NA NA 80
Crystal structure cubic hexagonal hexagonal hexagonal
True Density (g/cm3) 3.65 2.29 4.8 7.5
Thermal conductivity (W/m K) 30 20 35 32

Fig. 2. Photographs of the prepared nanofluids after 24 h showing the stability of the dispersions without and with surfactant.

Table 2
Composition of the prepared nanofluids.

Nanofluid Composition

MQL Al2O3 1% Al2O3 + 1% SDS in DI water
MQL hBN 1% hBN + 0.1 % PVP in DI water
MQL MoS2 1% MoS2 + 1% SDS in DI water
MQL WS2 1% WS2 + 1% SDS in DI water
MQL UNILUB UNILUB 2032 (pure MQL)
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50DN, India), and an external mix nozzle (Spraying Systems Co, U.S.A,
angle of divergence – 18°). Syringe infusion pump (Life Plus 50DN) has
been used to supply the cutting fluid at the desired flow rate. Flow rate
of the pump is user-programmable and has a range of 1ml/hr to
1000ml/hr with a high precision of 1ml/hr. Cutting fluid and pres-
surised air were mixed in the external mix nozzle (Spraying Systems Co,
fluid orifice dia. – 0.51mm, air orifice dia. – 1.62mm) and the atomised
fluid-air mixture was supplied to the application zone. The nozzle can
deliver up to 164 l/min of air at a pressure of 6.7 bar, and a liquid
pressure of 3 bar. The nozzle is capable of delivering the fluid-air
mixture to a distance of 250mm without inducing turbulence in the
flow.

Tribology experiments

Tribology experiments were conducted to evaluate the friction and
wear properties of the prepared nanofluids using a ball-on-disk trib-
ometer (TR 20−M24, DUCOM, India). The experimental setup is
shown in Fig. 4. Atomising air pressure was 4.5 bar and three flow rates
of fluids 6ml/hr, 50ml/hr, and 100ml/hr were used. Sintered and
polished tungsten carbide cobalt ball of 6 mm diameter (average sur-
face roughness – 37 nm) was used as the counter-body. Rolled Ti-6Al-
4 V plates of dimensions 20mm×20mm×10mm were used as disks.
The plates were face milled on both the 20mm×20mm sides and
polished to achieve an average surface roughness of 44 nm. Mechanical
properties of the ball and disk are given in Table 3. The counter-body
was slid against the disk under a constant normal load of 10 N (nominal
contact pressure of 1.37 GPa between the sliding surfaces as calculated

using Hertzian contact theory [34]) while the disk was rotating at a
constant speed of 320 rpm. Diameter of the wear track was 10mm.
MQL nozzle was positioned against the direction of motion of the ball
relative to the disk. Distance between the nozzle and the sliding zone
was 20mm and the angle between the nozzle and the workpiece was
15°. Experiments were conducted for a sliding time of 20min at am-
bient temperature. Two repetitions were conducted for each experi-
mental condition. Friction force was continuously measured throughout
the tribo test with the help of an inbuilt load cell. The coefficient of
friction, which is a ratio of the friction force to the normal force, was
determined using the measured friction force values.

After the tribology experiments, the worn workpieces were cleaned
in an ultrasonic bath with acetone for one hour and dried. Volumetric
wear was measured using 3D contact-type surface profilometer (Taylor
Hobson Form TalySurf 50). An area of 2mm×4mm was scanned to
obtain the 3D profile of the wear tracks as shown in Fig. 5a. Orthogonal
profiles of the wear tracks were obtained by extracting profiles of the
wear track in the radial direction. Area of cross-section and the max-
imum depth of the wear track was measured by analysing the extracted
profiles using a surface profilometry software (TalyMap Gold). Fig. 5b
shows the typical cross-section of a wear track depicting the measure-
ment of wear depth and cross-sectional area of the track. Cross-sec-
tional profiles were analysed at different locations on the wear track
and the measurements were averaged. The surfaces of the wear tracks
were studied under a scanning electron microscope (SEM) (Zeiss EVO
18) to evaluate surface morphology and surface damage under different
environments. Energy dispersive X-ray spectroscopy (EDS) of the wear
tracks was conducted to assess any residue of the lubricants.

Fig. 3. Schematic of the in-house built MQL setup.

Fig. 4. Tribology experimental setup showing the tungsten carbide ball holder,
revolving workpiece, and the MQL nozzle.

Table 3
Mechanical properties of ball and disk materials.

Property Ball (WC-Co) Disk (Ti-6Al-4 V)

Density (g/cm3) 15.7 4.43
Young’s Modulus (GPa) 696 113.8
Poisson’s ratio 0.22 0.342
Hardness, Vicker’s (HV100) 1730 349

Fig. 5. Typical profilometry of the wear tracks showing (a) 3d profile; (b) cross-
section of the wear track showing wear depth and area of the wear track.
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Micromilling experiments

Micromilling experiments were conducted to evaluate the ma-
chining performance of the prepared nanofluids in minimum quantity
lubrication (MQL) mode. Ti-6Al-4 V plates of dimensions 20mm×20
mm×10mm were used as disks. The plates were face milled on both
the 20mm×20mm sides and polished to achieve a parallelism of
0.075 μm/mm and an average surface roughness of 44 nm. Two-flute
tungsten carbide flat end milling cutters (E9661, AXIS Microtools,
India) of 500 μm diameter were used for milling. Specifications of the
tools are given in Table 4. Micro-channels of width 500 μm were milled
on the prepared samples with a high precision CNC micromachining
centre (Kern Evo). The prepared nanofluids were supplied to the ma-
chining zone using the in-house made MQL setup described earlier.
Machining setup is shown in Fig. 6. MQL nozzle was positioned against
the direction of the workpiece feed as shown in Fig. 6. Distance between
the nozzle and the sliding zone was 20mm and the angle between the
nozzle and the workpiece was 15°. Two sets of parameter combinations
were used for machining consisting of two levels of cutting velocities
(10m/min and 60m/min). The feed used was 6 μm/flute, the depth of
cut was 25 μm and the channel length was 5mm. Two such channels
were machined for each parametric combination to ensure test repeti-
tion.

Machining forces in three directions were measured using a three-
component piezoelectric dynamometer (KISTLER 9119AA2). The dy-
namometer was connected to three charge amplifiers (KISTLER 5015),
which were in turn connected to a digital storage oscilloscope (Agilent
InfiniVision DSO-X 2014A) to store and analyse the cutting force
measurements. The measured forces are analysed in MATLAB (version
R2014a). Samples were cleaned in acetone in an ultrasonic bath. SEM
micrographs of the machined channels were taken and analysed to
measure the top burr width on both downmilling and upmilling sides of
the channels. Measurements were taken at several points along the

length of the channels and averaged to obtain accurate readings. EDS of
the channels was conducted to identify the presence of lubricant re-
sidue.

Results and discussions

Tribology experiments

Fig. 7 shows a typical variation in the coefficient of friction with the
sliding time. The average coefficient of friction under different lu-
bricating conditions is shown in Fig. 8. Error bars in Fig. 8 represent the
range of the values. It is observed that the coefficient of friction is
maximum when no lubricant is used. The coefficient of friction de-
creases with the application of lubricant. The commercial lubricant has
resulted in the least coefficient of friction at all flow rates. This can be
attributed to the lower friction and lower wear of the ester tribofilm
formed by the commercial lubricant as compared to the water-based
fluids [35–37]. Alumina nanofluids have performed better than the
other nanofluids and their effect on reducing the coefficient was very
close to that of the commercial lubricant (10.2 % at 6ml/hr, 5.49 % at
50ml/hr, and 11.48 % at 100ml/hr higher than the commercial lu-
bricant). An increase in the flow rate leads to a reduction in the coef-
ficient of friction for all the fluids tested. This can be attributed to the
increased tribofilm stability at higher flow rates and also the avail-
ability of more nanoparticles at higher flow rates, both of which tend to
reduce the sliding friction [19,20,22]. At 100ml/hr, reduction in the
coefficient of friction for alumina nanofluid and the commercial lu-
bricant are 53.89 % and 59.19 % respectively as compared to dry
friction. Alumina nanoparticles, due to their spherical shape, cause a
nano ball-bearing effect between the sliding surfaces, thereby con-
verting the friction mechanism from sliding friction to rolling friction
and reducing friction [19,22]. Further, alumina nanoparticles get
trapped in the asperities of the workpiece surface, thereby

Table 4
Specifications of the micro end milling cutters.

Specification Value

Diameter 500 μm
Grain size < 1μm
Flute length 1 mm
Helix angle 30°
Rake angle 13°± 0.9°
Edge radius 2 – 3 μm
Tool coating TiAlN

Fig. 6. Micromilling setup showing the cutting tool, workpiece, and the MQL
nozzle.

Fig. 7. Typical curve showing the variation in coefficient of friction with sliding
time for dry sliding.

Fig. 8. Variation in the coefficient of friction at different lubricating conditions.
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strengthening the lubrication film and lowering the coefficient of fric-
tion [20–22]. This can be confirmed from the elemental composition of
the wear surfaces by EDS as shown in Fig. 10. Another aspect of the
nanoparticles is that they act as a third-body [20,22,24], meaning that
the nanoparticles act as load-bearing bodies, thereby reducing direct
contact between the sliding surfaces and reducing friction. Solid lu-
bricant based nanofluids (hBN, MoS2, WS2) performed worse than
alumina nanofluids at all flow rates. Mao et al. have also reported that
alumina nanofluids displayed better anti-friction and anti-wear

properties than MoS2 nanofluids [13].
Fig. 9a shows the depth of the wear track and Fig. 9b shows the

specific wear under different lubricating conditions. Measurements
have been recorded at six different locations on each wear track and the
averages for the wear track depth and the specific wear are plotted.
Error bars represent the standard deviation. It is evident from the plots
that maximum wear was achieved under the dry environment. The
variations in wear track depth and specific wear under different lu-
bricating conditions follow a trend that can be correlated to the

Fig. 9. Variations in (a) depth of wear track and (b) specific wear at different lubricating conditions.

Fig. 10. SEM images of the wear tracks under different lubricating conditions at 100ml/hr flow rate. Elemental composition (in %) on the surfaces is given in the
inset tables.
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variations in the coefficient of friction observed in Fig. 8. Lower wear
depth and specific wear indicate better anti-wear properties. At 100ml/
hr, the reduction in specific wear for alumina nanofluid and the com-
mercial lubricant are 37.03 % and 40.16 % respectively as compared to
dry friction, and the reduction in wear track depth for alumina nano-
fluid and the commercial lubricant are 23.4 % and 28.37 % respectively
as compared to dry friction. It can be inferred from Fig. 9 that the
commercial lubricant has the best anti-wear properties, closely fol-
lowed by alumina nanofluids. Alumina nanofluids, even though are
effective in reducing the coefficient of friction, are not as effective as
the commercial lubricant in controlling wear. This can be attributed to
abrasion between the nanoparticles and the sliding surface [38]. hBN,
MoS2, and WS2 nanofluids performed worse than alumina nanofluids,
with wear at 6ml/hr similar to that of dry sliding.

Fig. 10 shows the SEM images of the wear tracks under dry friction
and different fluids at 100ml/hr flow rate. Surface damage is shown in
the boxes inset in Fig. 10. Dry sliding has caused the highest surface
damage due to lack of lubrication and the direct contact between
sliding surfaces leading to increased wear. The anti-friction and anti-
wear properties of alumina nanofluids can be confirmed by the minimal
presence of surface damage like scratches and plastic deformation on
the surface. This can be attributed to the polishing effect of the sphe-
rical alumina nanoparticles which reduces surface damage [39]. The
commercial lubricant has also shown good anti-friction and anti-wear
properties as can be seen on the worn surface with a small amount of
surface damage. The presence of alumina in the asperities of the surface
as explained earlier can be confirmed by the elemental composition of
the surface by EDS as shown in the inset table in Fig. 10. hBN, MoS2,
and WS2 nanofluids have failed to significantly decrease friction and
wear of the surface. The structure of these materials is lamellar in which
the layers are held together by weak Van der Waals force. The lu-
bricating mechanism is by the sliding of the layers [40] which has
provided some amount of lubrication in the present study, but not as
adequately as alumina nanofluids. The findings are in agreement with
the measured coefficient of friction, wear depth and specific wear as
shown in Fig. 8 and Fig. 9.

Micromilling experiments

Micromilling experiments were conducted on Ti-6Al-4 V to evaluate
the machining performance of the prepared nanofluids in minimum
quantity lubrication (MQL) mode at different flow rates. The schematic
of the micromilling operation showing the direction of forces is shown
in Fig. 11a. Fig. 11b is a plot showing the typical nature of cutting
forces. Feed force (FX) is the force along the feed direction of the cutting
tool, transverse force (FY) is the force perpendicular to the direction of
feed i.e. the force acting on the side walls of the micro-channels, and
thrust force (FZ) is the vertical force acting along the axis of the cutting
tool.

The variations in all the three cutting forces under different lu-
bricating conditions are shown in Fig. 12. RMS values of the measured
cutting forces were used for plotting and the error bars represent the
standard deviation in the forces. All the cutting forces show a trend
similar to that of the coefficient of friction shown in Fig. 8. Cutting
forces for dry milling are the highest, and for the commercial lubricant,
cutting forces are the least at all the flow rates. Cutting forces for alu-
mina nanofluids are close to those for the commercial lubricant with
feed force (FX) being up to 8% higher, transverse force (FY) being up to
12.8 % higher, and thrust force (FZ) being up to 9.5 % higher than the
commercial lubricants at a cutting velocity of 60m/min. hBN, MoS2,
and WS2 nanofluids were not as effective as alumina nanofluid in re-
ducing the cutting forces. This significant reduction in cutting forces
using alumina nanofluids can be attributed to both the nano ball-
bearing effect of the spherical alumina nanoparticles and the entrap-
ment of the nanoparticles in the asperities of the workpiece, thereby
reducing friction [19–22,24]. Further, the reduction in the forces was

observed to be higher when the flow rate was increased from 50 to
100ml/hr than when the flow rate was increased from 6 to 50ml/hr for
all the lubricants used. This can be attributed to the increase in tribo-
film stability and the higher availability of nanoparticles at 100ml/hr
as explained from the tribology experiments. Further, the cutting forces
are observed to increase with an increase in the cutting velocity from
10m/min to 60m/min. This can be attributed to the strain hardening
effect at higher cutting velocities. Johnson-Cook material model states
the flow stress for a material as a function of strain, strain rate, and
temperature as given in Eq. (1).
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where A is the material yield stress constant, B is the hardening module
of the material, C is the strain rate susceptibility, n is the hardening
coefficient, and m is the thermal softening coefficient of the material.
Other parameters are: ε is the plastic strain, ε ̇ is the strain rate (s−1), ε ȯ
is the reference strain rate (s−1), T is the workpiece temperature, To is
the room temperature, and Tm is the workpiece melting temperature. J-
C constants for Ti-6Al-4 V are given in Table 5 [41–43], and material
properties are given in Table 6 [44].

Strain rate is a function of cutting velocity as shown in Eq. (2).

=
−

ε
v γ

β γ y
˙

cos( )
cos( )Δ

c o

o (2)

where vc is the cutting velocity, γo is the orthogonal rake angle of the
tool (5°), β is the shear plane angle, and yΔ is the adiabatic shear band
thickness. It can be seen that the strain rate increases by 6 fold as the
cutting velocity increases from 10m/min to 60m/min. The tempera-
ture rise is not high enough in micro-scale machining to cause sig-
nificant strain-softening effects as compared to meso-scale machining
for the above range of cutting velocities [45], and hence, the tem-
perature softening effects can be safely neglected. From Eq. (1), an
increase in strain rate can contribute to the rise in flow stress, thereby
increasing the cutting forces at 60m/min cutting velocity.

Fig. 13 shows a typical micromilled channel. The upmilling and
downmilling sides and the measurement strategy for the top burr are
shown. Top burr width was measured at multiple locations in both

Fig. 11. Typical cutting forces in micromilling (a) measured in three directions
and (b) force data as processed in MATLAB.
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Fig. 12. Variations in feed force (FX), transverse force (FY), and thrust force (FZ) under different lubricating conditions.

Table 5
Johnson-Cook constants for Ti-6Al-4 V [41–43].

A B C m n

1098 1092 0.014 1.1 0.93

Table 6
Physical properties of Ti-6Al-4 V [44].

Property Value

Density (g/cm3) 4.43
Young’s modulus (GPa) 113.8
Poisson’s ratio 0.342
Yield strength (MPa) 1098
Shear strength (MPa) 550
Melting temperature (°C) 1600

Fig. 13. Typical micro-channel showing the workpiece feed direction, down-
milling and upmilling sides, and burr width measurement.
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downmilling and upmilling sides and averaged. The variations in burr
width under different lubricating conditions are shown in Fig. 14. Burr
width was measured at six different locations each in both downmilling
and upmilling directions and averaged. Error bars represent the stan-
dard deviation in the burr width. It is well known that in micromilling,
ploughing and rubbing of the tool edge against the workpiece surface
have a higher contribution than that in meso-scale machining. This
phenomenon, known as size effect, has been studied extensively
[7,46–50]. More ploughing and rubbing are known to cause higher burr
formation [50]. The large top burrs in micromilling due to size effect
has been explained by Bissacco et.al [4]. Very high biaxial compressive
stress pushes material toward the free surface and generates large top
burrs. It can be seen that the commercial lubricant has resulted in the
smallest burrs in both downmilling and upmilling directions. This can
be attributed to the better anti-friction and anti-wear properties of the
commercial lubricant. Similarly, alumina has better anti-friction and
anti-wear characteristics as compared to the other nanofluids, which
has resulted in smaller burrs. Thus, a relation can be established be-
tween friction and burr formation in micromilling based on the above
results. hBN, MoS2, and WS2 were not as effective as alumina nanofluids
or the commercial lubricant owing to their less effectiveness in reducing
friction. It is observed that the downmilling burrs are larger than up-
milling burrs in all the cases. This is consistent with similar reports from
literature [7,51–53]. Ravi et.al have explained this trend in micro-
milling [51]. They have observed that in the downmilling side, burrs
are broken at a distance away from the root of the burr, while in the
upmilling side, burrs are broken at the root of the burr. This results in
larger burrs on the downmilling side than on the upmilling side. Fur-
ther, both downmilling and upmilling burrs tend to be smaller at higher
cutting velocity. In micromilling, where feed per tooth is comparable to
the tool edge radius, ploughing and rubbing dominate the machining
mechanism. In such cases, the tool wear decreases at higher cutting
velocities as explained by Lee and Dornfeld [3]. They have observed
that in micromilling, built-up edge tends to remain on the tool for

longer and the rate of wear decreases as the cutting velocity increases.
This can explain the decrease in burr size at higher cutting velocities.

Conclusions

The lubrication ability of different water-based nanofluids in
minimum quantity lubrication (MQL) mode has been studied. Water-
based alumina, hBN, MoS2, and WS2 nanofluids have been prepared
and their anti-friction and anti-wear properties have been studied using
ball-on-disk tribometry at different flow rates in MQL mode. The results
are compared with a commercial lubricant (UNILUB 2032).
Micromilling experiments were performed on Ti-6Al-4 V using the
prepared nanofluids in MQL mode. The following conclusions can be
drawn based on the experimental results.

• Alumina nanofluids have shown the best anti-friction and anti-wear
properties among all the nanofluids tested due to their spherical
shape, which causes a ball bearing effect and reduces friction.

• Alumina nanoparticles also fill in the asperities in the workpiece
surface due to their spherical shape, further reducing the contact
between the sliding surfaces, thereby reducing friction and wear.
This can be confirmed from the EDS of the wear tracks.

• The commercial lubricant has shown the best anti-friction and anti-
wear performance due to the formation of a stable tribofilm by the
commercial lubricant as compared to the nanofluids.

• An increase in flow rate further reduced friction and wear. This is
due to the increase in the tribofilm stability and the increased
availability of the nanoparticles, both of which tend to reduce fric-
tion and wear.

• Solid lubricant based nanofluids like hBN, MoS2, and WS2 have
shown slight improvement in anti-friction and anti-wear properties,
but could not perform as better as the spherical alumina nano-
particles.

• The variations in all the three cutting forces have shown a similar

Fig. 14. Variations in downmilling and upmilling burr width under different lubricating conditions.
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trend as that of the coefficient of friction under different lubricating
conditions. Commercial lubricant performed the best, closely fol-
lowed by alumina nanofluids.

• Downmilling and upmilling burr width were measured in all the
cases and it is found that the commercial lubricant and alumina
nanofluids have shown superior performance in reducing the burr
width. This can be attributed to the better anti-friction properties of
these fluids, which can reduce friction, thereby reducing the
ploughing and rubbing between the tool and the workpiece resulting
in a reduction in the burr width.

• Alumina nanofluids and the commercial lubricant have shown sig-
nificant reduction in machining forces and burr formation as com-
pared to the other nanofluids. This is in correlation to the tribolo-
gical performance of these cutting fluids.

• From the experimental results, it can be concluded that water-based
alumina nanofluids can be a viable alternative for conventional
cutting fluids in micro-machining of Ti-6Al-4 V.
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