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Abstract

The current paper emphasized on preparation methodology of aqueous Al,O5-water and TiO,-water nanofluids and its applica-
tion as the coolant in hard turning operations. The nanofluids are prepared through the two-step process, dispersing nanoparticles
of Al,O5 (average diameter 44 nm) and TiO, (average diameter 27 nm) in deionized water at three different % weight concen-
trations (0.005, 0.01, and 0.05). Air-assisted nanofluid is impinged through spray impingement setup in hard turning of AISI D2
steel (55 HRC) using multilayer (TiN/TiCN/Al,Os)-coated carbide tool. Application of nanofluid through spray impingement
technique in hard turning is a novel work which is rarely found in the literature. Also, there is no literature available which
presented the comparative hard turning performance under lower weight % concentration of Al,0O5 and TiO, nanofluid although
the cost of the nanoparticle is high. Further, flank wear (VBc), cutting temperature (T), average surface roughness (Ra), and chip
morphology have been investigated as the cutting responses. Abrasion is the dominant wear mechanism identified for both types
of'nano cutting fluids. TiO,-water nanofluid attributes enhanced machinability compared with that of Al,Os-water nanofluid due
to higher lubricious characteristics of TiO, which significantly reduces the chip-tool friction thus reduces the cutting heat. The
most favorable results are noticed at 0.01% weight concentration of TiO, and at this condition, compared with the same
concentration of Al,O3 nanofluid, 29% reduction in tool-flank wear, 9.7% drop in cutting temperature, and 14.3% reduction
in surface roughness are found. Tool life at 0.01 wt% concentrations of TiO, nanofluids is found to be 154 min taking flank wear
criteria of 0.3 mm, which is 2.52 times more than the tool life obtained under dry cutting and 1.47 times higher than the tool life
obtained under air-water spray impingement due to excellent wettability, lubrication, and heat dissipation capability of TiO,
nanofluid. However, the employment of deionized water-based TiO, nanofluid in spray impingement cooling hard machining
can be very promising for a practical manufacturing concern.

Keywords Nanoparticle - Nanofluid - Spray - Wear - Machinability - Temperature - Chip - Roughness

1 Introduction tolerances, reduction of thermal deformities of work-speci-

men, and retain the native properties of the machined surface

A challenge in high-speed machining is the elevation of cut-
ting temperature that leads to the reduction in tool life and
surface deformities of a machined work specimen. Thus, the
application of cutting fluid has come into existence to reduce
the cutting temperature, chip-tool friction, and flushing out the
chips from cutting zone during a machining operation. Apart
from this, the function of the cutting fluid during hard machin-
ing is to promote economic feasibility of insert; retain tight
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[1]. Traditional cutting fluids (straight cut oil, soluble oil,
semi-synthetic, and synthetic fluids) have outstanding lubri-
cious characteristics but underprivileged thermal characteris-
tics that confine the productivity of any machining process in
the metal cutting industry. In the current scenario, a wide
range of approaches is existing to improve the heat dissipating
rate of coolant in machining. One such proven approach pos-
sibly may be the inclusion of miniature size (mm and pm) of
the solid particle in the conventional cutting fluid which can
improve its thermal characteristics. Utilization of these cutting
fluids may reveal crucial issues like blockage/clogging, pres-
sure fall in supply pipelines, high erosion, and underprivileged
stability of the suspension. However, since recent decades,
nano-sized particles substituted these milli/micro-sized parti-
cles in the fluid suspension and promoting the advancement of
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a novel category of lubricant/fluid known as “nanofluids” or
“nanolubricants.” These nanofluids have various favorable
characteristics over conventional cutting fluids such as supe-
rior thermal conductivity, improved stability, minimal coagu-
lation, and minor pressure drop in the supply system. The
application of nanofluids has noticed a significant enhance-
ment in the performance of input process parameters during
various machining operation of hard to cut metals and their
alloys [2]. In addition to thermal conductivity, the frictional
force between tool work may be a significant factor regarding
temperature elevation at the cutting zone, which also attributes
to the dimensional deviation, poor finished surface quality,
and reduced tool life. So, an addition of some self-
lubricating nanoparticle (low frictional behavior) into the base
fluid will increase the lubricious characteristics of regular
coolants owing to the decline of the coefficient of frictions.
Thus, these nanolubricants may help in the reduction of cut-
ting temperature, tool wear, cutting force, and surface rough-
ness during hard machining [3].

In recent years, lots of research articles illustrated the ben-
efits of the application of different kinds of nanofluids in hard
turning. Sidik et al. [4] reported the effective reduction in
friction coefficients as well as in wear results; however, effi-
ciency, as well as reliability of machining process and machin-
ing tools, was improved under nanofluid coolant relative to
other coolants. Rapeti et al. [5] stated that the type of base
liquid was the most vibrant input term which attributed the
highest impact on cutting performances succeeded by nano-
particle concentration, cutting speed, and cutting feed. Singh
et al. [6] proposed that the diameter of nanoparticle signifi-
cantly affects the machining responses as leading the particle
size reduced the force and surface roughness. Sharma et al. [7]
found an effective enhancement in viscosity, density, and ther-
mal conductivity of nano cutting fluid concerning the rise in
the concentration of nanoparticles while specific heat was re-
duced. This facilitated the remarkable decline in wear, cutting
force, and roughness of the machined surface in comparison
with dry and mist machining. Hegab et al. [8] stated that the
inclusion of nano powder into the base fluid successfully en-
hanced the enactment of MQL.

Some popularly used nanofluids are based on graphene,
alumina (Al,O3), silicon dioxide (SiO,), multi-walled carbon
nanotubes (MWCNTs), molybdenum disulfide (MoS,),
graphite, etc. All these nanofluids were mostly used in ma-
chining through minimum quantity lubrication (MQL) tech-
nique. Hybrid nanofluid (alumina/graphene) was used by
Sharma et al. [9] and noticed the reduction in interface tem-
perature and wear at the flank face by 5.79% and 12.29%
respectively compared with alumina-enriched nanofluid.
Also, the thermal coefficient and lubricating capabilities of
nanofluid were increased with an increase in nanoparticle con-
centration in the base-machining fluid. Chetan et al. [10] re-
ported the lower magnitudes of nose wear and flank wear in
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machining with Al;O5; nanofluid due to the formation of tribo
layer compared with silver nanofluid and sunflower oil-mixed
water cutting fluid. Khandekar et al. [11] noticed that with
addition by volume of 0.01 concentration of Al,O3 nanopar-
ticles to the regular coolant, its wettability property was highly
improved compared with regular fluid and natural water. Also,
the enormous decrement in gradual wears (flank and crater
wear) was identified due to favorable thermal properties, en-
hanced wettability, and the lubricating capability of the
nanofluid. Minh et al. [12] concluded that the implementation
of 0.5% volume concentration of Al,O; nanofluid through
MQL may economical and advantageous for the milling pro-
cess. The obtained surface integrity was enhanced and equiv-
alent to grinding results. Sayuti et al. [13] utilized mineral oil—
based silicon dioxide (5-10 nm size) nanofluid through MQL
in hard turning of AISI 4140 steel and found preeminent flank
wear and surface roughness at 0.5% weight concentration of
nanofluid. Garcia et al. [14] stated that the concentration of
nanoparticles (<0.1% in weight) attributed the significant
change in the machining performance. At 0.055% weight con-
centration, surface quality enhanced by 69% compared with
without added-cutting fluid. Kadirgama et al. [15] found the
higher thermal conductivity of ethylene-glycol/nano-cellu-
lose-based nanofluid when the volume concentration of
nano-inclusion is 0.5%. Nanofluid with higher thermal con-
ductivity worked as a heat transporter by carrying the majority
of generated heat, thus delayed the tool wear and attributed the
fine finish surface. Najiha et al. [16] observed micro-attrition,
micro-abrasion, and adhesion types of wear mechanism dur-
ing machining of aluminum alloy under MQL-assisted water-
based TiO, nanofluid. Water-based nanofluid is more favor-
able for edge integrity as chipping and fracture are dominant
in the higher depth of cut conditions. 2.5% of the volume
fraction of TiO, nanofluid is highly feasible towards tool dam-
age. Rahman et al. [17] prepared vegetable oil-based
nanofluids by the inclusion of three different nanoparticles
(A1,03/ MoS,/rutile-TiO,) and carried an experimental inves-
tigation in turning of titanium alloy. Lowest concentration
(0.5%) of Al,O3-canola nanofluid attributed the lowest sur-
face roughness (0.248 um) while at the same concentration,
MoS,-canola nanofluid attributed the lowest cutting tempera-
ture (875 °C).

According to Sahu et al. [18], carbon nanotube—dispersed
cutting fluid application enables a noteworthy amount of re-
duction in wear at the flank surface, cutting force, and rough-
ness of the turned surface in comparison with dry as well
conventional fluid application in Ti-6Al-4V machining. Raju
et al. [19] utilized nano size carbon tube—mixed cutting fluid
in hard turning of EN31 grade steel and got enhanced results
of forces and work surface finish relative to conventional cool-
ants. Padmini et al. [20] found that the tool-tip wear, average
roughness of the machined surface, cutting forces, and cutting
temperature were diminished by 44%, 39%, 37%, and 21%
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respectively using coconut-mixed nano molybdenum disul-
fide with 0.005 concentrated cutting fluid in correlation to
machining under dry condition. Musavi et al. [21] compared
the surface quality of superalloy under different cooling envi-
ronment. MQL exhibits better results relative to flood cooling.
Due to the spherical outline of CuO nanoparticle, CuO-based
nanofluid attributes better lubrication capability relative to
Si0,. Nanofluid with surfactant exhibits 14% less surface
roughness relative to conventional fluid while un-added sur-
factant nanofluid exhibits 4% less surface roughness relative
to the conventional fluid. Amrita et al. [22-24] emphasized on
the comparative assessment of machining responses in turning
operation of AISI 1040 grade steel under four different
cooling surroundings like nano graphite soluble oil, soluble
oil, flood lubrication, and dry. The enhanced performances
were reported with the application of nano graphite-enriched
soluble oil. In another work, nano molybdenum disulfide fluid
provided improved wear properties and quality of finish, and
reduced cutting forces compared with wet, dry, and function-
alized nano graphite conditions. Surface quality got enhance
with rising concentration of nano graphite in cutting fluid for
both MQL processes. Su et al. [25] implemented two steps
method to prepare graphite-dispersed nano cutting fluids. The
properties, namely surface tension, viscosity, thermal conduc-
tivity, and wettability of nanofluids, have been calculated.
Graphite-oil mixed nanofluid through MQL attributed the sig-
nificant reduction in temperature as well as in cutting force
relative to dry and regular MQL. Duc et al. [26] stated that the
type of nanoparticle followed by base fluid was the most
influencing agent to influence the surface roughness in MQL
machining. Compared with MoS, nanofluid, Al,O3 nanofluid
attributed the better surface finish. Hegab and Kishawy [27]
found better surface quality and power consumption in turning
of Inconel 718 alloy under MWCNTs nanofluid compared
with Al,O3 nanofluid. Dong et al. [28] utilized three different
weight % concentrations 0.2, 0.5, and 0.8 of MoS, through
MQCL (minimum quantity cooling lubrication) technique in
hard milling of tool steel and found better surface finish at
0.5 wt% concentration compared with dry, MQL, and pure
fluid—assisted MQCL.

Based on theliterature study, the application of nano Al,O;
and nano TiO, suspension cutting fluid in hard turning appli-
cation is inadequate and has not been studied so far under the
spray impingement technique. However, this novelty of work
definitely helps the researchers to carry further research using
different base fluids in hard turning. The objective of the pres-
ent study is as follows:

* To synthesize the Al;O; and TiO, nanoparticles using
high-speed ball mill and prepared the deionized water-
based Al,O5; and TiO, nanofluid.

+ Comparative analysis of machining performance under
Al,O3z-water- and TiO,-water-based nanofluid using spray

impingement technique during turning of heat-treated
AISI D2 steel.
* Tool life evaluation under best nanofluid concentration.

2 Materials and methods

Commercially available Al,O5 and TiO, micro-sized powders
(99.8% purity with an approximate size of 45 um) are collect-
ed and processed through a high-energy ball mill to prepare
the nanoparticles. The milling operation is performed for a
period of 10 h with a milling speed of 300 rpm. For every
1 h, the ball mill has been kept in off mode for 30 min to cool
down the machine. The following steps have been used for the
preparation of nanoparticles [29]:

Step 1: Placement of ball and powder inside the hardened
steel jar with 10:1 hardened steel ball to powder ratio
(360 g weight of balls and 36 g weight of powder in
a jar).

Addition of toluene in ball-powder-filled jar to make
its paste for proper mixing.

Placement of jar into the ball mill and start milling
with a speed of 300 rpm.

After completion of 10 h, the ball from the jar has
been removed and put the paste material into a pan
and left it till dry.

Last step involved to break it into fine sizes.

Step 2:
Step 3:

Step 4:

Step 5:

Further characterization of nanoparticles and preparations
of nanofluids using two-step concepts (Fig. 1) are discussed as
follows:

The elemental composition of nanoparticle has been veri-
fied using EDS (energy dispersive spectroscopy) analysis in
Fig. 2 a and b and it confirms the presence of associated
elements in Al,O; and in TiO, nanopowders. Particle size
measurement has been carried by field emission scanning
electron microscopy (FESEM) image as displayed in Fig. 2
c and d. The particle size distribution for both particles is
displayed in Fig. 2 e and f and the size for Al,O; powder
and TiO, powder are found to be in a range of 30—60 nm
(average size 44 nm) and 15-35 nm (average size 27 nm),
respectively. Clustering of the nano Al,O5 particles is clearly
visible in Fig. 2c. However, the size of the nano Al,O5 particle
is relatively more to nano TiO, particle. In the available liter-
atures, the size of nanoparticles mostly found to be less than
100 nm [1, 6, 21]. The particle size distribution of nanofluids
was estimated by DLS (dynamic light scattering) method with
Zetasizer instrument (Malvern make) which works on the tyn-
dall scattering of nanoparticles in base fluids. Average particle
distribution (hydrodynamic diameter) for Al,O5 particle is
found to be about 1538 nm, Fig. 2g, and similarly for TiO,,
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it is noticed to be about 417.8 nm, Fig. 2h. Karimzadehkhouei
et al. [30] also carried the DLS analysis of TiO, particle and
found the hydro-dynamic diameter in between 300 to 380 nm.
At room temperature (25 °C), the thermal conductivity of
Al1,05; and TiO, nanopowders are calculated as 34
Wm ' K™ and 11.7 Wm™ K ™', respectively [29]. The ther-
mal conductivity and viscosity of the base fluid (deionized
water) at room temperature (25 °C) is found as 0.607
Wm ™' K™! and 0.89 mPa.s [31]. The density of Al,Os,
TiO,, and deionized water are found as 3970 Kg/m3, 4230
Kg/m®, and 997 Kg/m®, respectively [29].

Nanofluids are prepared using a two-step methodology
[25, 29], dispersing nano Al,O3 and nano TiO, particles into
the base liquid (deionized water) with a steady magnetic stir-
ring speed of 1000 rpm for the duration of 24 h. Three distinct
weight concentrations (0.005%, 0.01%, and 0.05%) of
nanofluid are prepared. Use of surfactant was completely
prohibited during the preparation of nanofluids, since adding
of any surfactant will lead to alteration to the property of
nanofluid and corrosive to the cutting surface. However, after
a 24-h mixing period, nanofluid is kept in a bottle to check its
stability. For highest weight concentration (0.05%), the stabil-
ity of both fluids is noticed to be about 5 days and beyond this,
the phenomenon of clustering of nanoparticles started which
leads to sedimentation in the base fluid. To maintain the sta-
bility or to break down the particle cluster, again magnetic
stirring is applied for 4-5 h. Likewise, for both types of
nanofluids, the stability of 0.01% and 0.005% weight concen-
tration nanofluids are noticed as 9 and 13 days respectively
and after this, stirring is applied for 4-5 h to get the stable
solution [29]. Also, to verify the stability, UV-Vis
Spectrophotometer (Orion Aqua Mate 8000 UV-Vis) is uti-
lized to study the stability of each category of nanofluid. UV
spectrophotometer test is a popular method to estimate the
nanoparticle dispersion in terms of colloidal stability
[32-33]. UV absorbance result of deionized water-based
Al,O3 and TiO, nanofluid of different concentrations (0.005,
0.01, and 0.05 wt%) is displayed in Fig. 3 a and b, respective-
ly. The absorbance of nanofluid lies in between 200 and
900 nm wavelengths. From Fig. 3, the absorbance of Al,O;
is higher than TiO,, i.e., more agglomerated nanoparticles are
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present in Al,O3 nanofluid compared with TiO, nanofluid and
it is also confirmed through FESEM image of both
nanopowders (Fig. 2¢, d). Due to this agglomeration of nano-
particles, tribological performance of Al,O5 nanofluid will be
less compared with TiO, nanofluid. This graphical view (Fig.
3) reflects the characteristics of suspended nanoparticles and
that increases with increasing weight % concentration of
nanofluids. Hence, the stability of nanoparticle is decreasing
with % weight concentration. Also, from this analysis, it can
be said that the stability of nanofluid colloidal is maintained at
each % weight concentration of both nanofluids.

Further, the thermal conductivity of nanofluids is measured
at room temperature (25 °C) using thermal conductivity inter-
ferometer apparatus (Mittal Enterprise, Delhi, India). The ther-
mal conductivity results are reported in Table 1. From Table 1,
thermal conductivity for both nanofluids is increasing with
weight % concentration of nano particles. For each concentra-
tion, A,O3 nanofluid has higher thermal conductivity com-
pared with TiO, nanofluid due to the higher thermal conduc-
tivity of Al,O3 powder compared with TiO, powder. The
thermal conductivity of Al,O5 nanofluid at weight % concen-
trations 0.005, 0.01, and 0.05 is improved by 0.065%,
0.131%, and 0.692% respectively from base fluid. Similarly,
for TiO, nanofluid at weight % concentrations 0.005, 0.01,
and 0.05, the thermal conductivity is improved by 0.016%,
0.049%, and 0.21% respectively from the base fluid. Overall,
for both fluids, the improvement in thermal conductivity is
very less (< 1%). The viscosity of nanofluid is calculated
using Eq. 1 [34], where u,r denotes the viscosity of
nanofluid, pu,¢ represents viscosity of the base fluid, and ¢ is
volume fraction. According to Einstein, Eq. 1 is valid for
viscous fluid having very low volume fraction ( ¢ less than
0.02) of spherical shaped particles [34]. The similar equivalent
volume fraction is used in the current work; therefore, this
relation is used to estimate the viscosity of nanofluid. For both
nanofluids, viscosity is increasing with the particle concentra-
tion but improvement in viscosity is very less. Compared with
base fluid, the maximum increment in viscosity of Al,O3
nanofluid is 0.031% at the highest concentration (0.05% wt)
while for TiO2 nanofluid, the maximum improvement in vis-
cosity is 0.029% at higher concentration, i.c., very less



Int J Adv Manuf Technol (2020) 106:2265-2280

2269

Element | Weight %

0K 64.36 7528
AlK 3564 2472
Total

o 2 - & g
ull Scale 15363 cts Cursor; 0.000 L3

Element
OK 6121 82353
K 3879 1747
Total 100
TiO; Nano powder
B 2 - & -] D 12 14 1€ 18
Full Scake 5265 cts Cursor; 0.000 ke

100 nm* EHT = 15.00 kv
WD = 4.7 mm

Signal A = InLens
Mag = 50.00 K X

Date :02 Jan 2018 zE1SN
Time 12:35:17

Tive 17:49:09

e ‘AIZO3 nano particle size distribution‘
164
1] z\
> 121
2 101
84
6<
4<
2 4

Frequenc

25 30 35 40 45 50 55 60
Particle diameter (nm)

g
Size Distribution by Intensity
1 AL,Osnano particle | 7T
2
g 20 ...........................................................................
¢
i
% B T CECEEEPETPPPPREN CEEE SRR
0
01 1 10 100
Size (d.nm)

f 80+
70+ Ya
.60
2 504

Q
2,401
D 30
20+
104

‘TiO2 nano particle distribution‘

0 5 10 15 20 25 30 35 40 45 50
Particle diameter (nm)

h
Size Disfribution by Intensity

21 TiO, nano particle
APPSR RO COURUN SN, | BN SR
8
[
g
L L R
[]
c
§
| 4
E

0

01 1 10

Size (d.nm)

Fig. 2 a, b EDS view for nanopowders. ¢, d FESEM micrographs of nano particles. e, f Particle size distribution of nanopowders. g, h DLS for

distribution of nanoparticles in base fluid

improvement in viscosity has been observed with addition of
nanoparticles in the deionized water. Density for each
nanofluid is measured and reported in Table 1. From density
results, nanofluid density increases with the concentration of
nanoparticle in the base fluid. Density is also very less altered
with addition of the low amount of nano particles, as

maximum improvement in density for Al,O; and TiO,
nanofluid is noticed as 0.037% and 0.038% at the highest
concentration (0.05% weight), respectively.

P = (14 2.50) g (1)

@ Springer



2270

Int J Adv Manuf Technol (2020) 106:2265-2280

—0.005 wt %
—0.01 wt %
51 —0.05 wt %

Absorbance
W

200 300 400 500 600 700 800 900
Wavelength (nm)

(a)

—— 0.005 wt %
——0.01 wt%
4+ —— 0.05 wt %

Absorbance

200 300 400 500 600 700 800 900
Wavelength (nm)

(b)

Fig. 3 UV spectrophotometer absorbance result for water-based a Al,O5
nanofluid and b TiO, nanofluid

HMT lathe has been utilized for turning experiments for
hardened AISI D2 steel (55+ 1) HRC specimen of diameter
48 mm and cutting length 200 mm at fixed cutting condition
(cutting speed (v) =108 m/min, feed (f)=0.04 mm/revolu-
tion, depth of cut (d)=0.1 mm) [35-36] with multi-layered
(TiN/TiAIN/Al,O5)-coated carbide insert (TN5120) of rhom-
bus shape with ISO code CNMG 120408-22. The geometry
associated with cutting insert is as follows: included angle 80°,
approach angle 95°, rake angle — 6°, clearance angle 5°, nose
radius 0.8 mm, and inbuilt chip breaker. The experimentations

have been accomplished under the spray impingement
nanofluid cooling (SIC) scenario with air pressure (Ap)
1.5 bar and nanofluid pressure (Np) 1 bar [36-38]. SIC setup
has two inlets; the first inlet is air compressor and other inlet is
the nanofluid tank. The nanofluid tank is attached with stirring
motor (Fig. 4), which is rotated at 1000 rpm during experi-
mentation. The nanofluid tank is placed on 15 m height from
the base and allows the nanofluid into SIC setup due to grav-
ity. The pressure of air and nanofluid is controlled by the
pressure regulator knob. The nozzle has two inlet valves
which are connected through air and nanofluid tube separately
as shown in Fig. 4. The detail specification of spray impinge-
ment cooling (SIC) system and nozzle are given in Table 2.
The flow rate of the spray cooling system depends on air and
fluid pressure. The flow rate capacity of SIC system varies
from 40 to 300 I per hour. In the present work, the flow rate
of nanofluid at 1.5 bar air pressure and 1 bar nanofluid pres-
sure is 60 | per hour. The straight 4 J pressure sprays internal
mix nozzle is utilized for spraying the coolant. The shape of
the spray is full cone round shape with cone angle varies from
19° to 22° and the current experimentation spray cone angle is
measured as 20°. The distance between nozzle output and the
cutting zone (tool-workpiece interface) is kept fixed at 17+
1 ecm. During spraying, full face of the tool-rake surface is
covered which helps to discharge the chips from tool-rake face
easily. Two different categories of nanofluids (Al,O3 and
TiO,) with three concentrations (0.005%, 0.01%, and 0.05%
by weight) have been implemented as a coolant to study flank
wear at nose corner called nose wear (VBc), surface roughness
(Ra), cutting temperature (T), and chip morphology. Each ex-
periment has been repeated three times and the mean value of
each response has been noted down. The failure criteria for
VBc=0.3 mm and Ra=1.6 um have been selected [35-36,
38, 39]. The width of flank wear at tool nose has been mea-
sured using Olympus made STM 6 optical microscope with
stream basic software at x 50 magnification. Ra has been mea-
sured using Taylor Hobson precision surface finish tester
where stylus evaluation length is 4 mm and Gauss length is
0.8 mm. T (cutting temperature) is measured with FLUKE
made Ti32 infrared thermal camera with 0.81 emissivity
[40]. Chip morphology has been discussed on the basis of chip
image captured by an optical microscope with x 30

Table 1 Thermal conductivity,

viscosity, and density results of Weight % concentration ~ Thermal conductivity Viscosity (mPa.s) Density (Kg/m?®)
nanofluids (Wm™ K™
ALO; TiO, ALO; TiO, ALO; TiO,
0.005 0.6074 0.6071 0.890028  0.890026  997.037  997.038
0.01 0.6078 0.6073 0.890056  0.890053  997.074  997.077
0.05 0.6112 0.6083 0.890279  0.890266  997.373  997.387
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IR camera
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Fig. 4 Pictorial details of hard turning experiment

magnification. The pictorial display of experimental details
has been shown in Fig. 4.

Table 2 Details of spray impingement cooling setup

Spray Impingement cooling setup ~ Spraying System Pvt. Ltd. (India)
Nozzle specification Type: Straight 4 J spray mix
Diameter = 10 mm

Shape of spray pattern: full cone
round shape

Spray cone angle = 19 to 22°
Continuous spray distance =up to

120 cm
Nozzle to cutting zone 171 cm
perpendicular distance
Flow rate of pump 2.5 m’h
Maximum head of pump 56 m
Air compressor Up to 6 bar

Flow rate spray 40 to 300 I per hour

y

20 40 60 80 100120 140 160
Machining Time, Te (min)

Temperature Tool life

3 Results and discussion

The experimental results data of flank wear are reported in
Figs. 5a and 6. Among all tests, nano TiO, cutting fluid
(0.01% weight concentration) exhibits the lowest flank wear
0f 0.039 mm. At the same cutting parameters, flank wear was
found to be 0.055 mm under dry condition [35] and 0.054 mm
under air-water mist spray impingement cooling [36]. This
yields about 29% less tool wear using nano TiO, fluid
(0.01% weight) compared with dry cutting. Similarly, 27.7%
less tool wear is noticed in nano TiO, fluid (0.01% weight)
compared with air-water-based spray impingement cooling. It
may happen due to better wettability characteristics of nano
TiO, fluid which enhances the lubricating and heat removal
properties during machining. Also, in nano fluid spray
cooling, the nanoparticles are separated by the higher velocity
air and revolve between tool-workpiece interfaces and create a
favorable rolling effect. Due to this rolling effect, the contact
area between chip and tool reduces thus lower heat generated
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1
0.10 A T

VBc (mm)

Flank Wear,
o o o o
(=) [=) [=) [=)
[\9) B [o)} [e5)
1 1 1 1
——
HH
HH

0.00

Al-0.005Ti-0.005 Al-0.01 Ti-0.01 Al-0.05 Ti-0.05
Percentage weight concentation of nanofluids

60 - |Results of cutting temperature with standard error‘

W
S
1
—
=

HH

IS
(=)
1

=

Cutting Temperature, T (°C)
[ [98)
(e} [}

—_
f=]
1

T T T T T T
Al-0.005 Ti-0.005 Al-0.01 Ti-0.01 AI-0.05 Ti-0.05

Percentage weight concentration of nanofluids

0.9 7 |Results of surface roughness with standard error‘

Hh

H
Hi

H

Al-0.005Ti-0.005 Al-0.01 Ti-0.01 Al-0.05 Ti-0.05
Percentage weight concentration of nanofluids

Fig. 5 Experimental results of a VBc, b T, and ¢ Ra

and delayed the wear rate [21, 41]. From the wear results of
both nanofluids (Fig. 6), at the lowest concentration
(0.005 wt%), the tool-wear is higher compared with
0.01 wt% concentration due to less number of nanoparticles
present in water which retard the capability of nanofluid to
reduce the friction coefficient [42]. Further on the highest
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concentration (0.05%), tool wear is highest for both
nanofluids. Higher nanoparticle concentration leads to nano-
additives wear which undesirably affects the tool wear; thus,
in the current work, tool wear is highest at the highest
nanofluid concentration of each nanofluid [26, 43]. In every
set of concentrations, nano TiO, coolant performs superior to
nano Al,O; coolant even if thermal conductivity Al;O5-based
coolants have little more thermal conductivity. Therefore,
wear results show that the self-lubricating phenomena of
TiO, are more dominant over thermal conductivity which
leads to lessening in tool-flank wear growth under TiO, cool-
ant compared with Al,O3 coolant. In the spraying process,
nanofluid gets atomized to very fine droplets which strike on
work as well as tool surface. As a result, tribological properties
significantly improved which reduces the friction at cutting
zone and lowers the tool wear [44]. From the FESEM image,
Fig. 2c¢, it can be easily identified that the clustering phenomena
are more dominant in nano Al,O; particles relative to nano
TiO,. However, TiO, exhibits more lubricious effects and re-
duces the chip-tool friction more significantly by retaining tool
hardness and stability for a longer duration for reduction of
wear compared with nano Al,O5 cutting fluid. Additionally,
according to Khajehzadeh et al. [45], flank wear width was
improving with increasing the size of nanoparticle. In the cur-
rent work, the average particle size of Al,O3 nano powder is
63% higher than the TiO, nanopowder; therefore, the flank
wear growth under TiO, nanofluid is less compared with
Al,O3 nanofluid. Further, from UV-Vsi Spectrophotometer re-
sults (Fig. 3a, b), TiO, nanofluid is more stable than Al,O;
nanofluid; thus, more wear is noticed under Al,Os-based cool-
ant. From wear micrographs (Fig. 6), abrasion is most dominant
in each run and micro-grooves are also identified in machining
under lower concentrations of nanofluid [46]. Abrasion phe-
nomena during cutting occur due to hard element like chromi-
um is present on the underside of the chip, which passes over
the tool face continuously and removes the tool coating mate-
rial by mechanical action [47]. Micro-grooves are developed
due to hard particle chromium comes in contact with relatively
softer material of tool [48]. Adhesion is not identified in any
runs because of nano cutting coolant has better lubrication and
wettability characteristics [44, 49].

From Fig. 7, the cutting temperature of the cutting zone
first decreased and then increased with increasing nanofluid
concentration. Lower concentration nanofluid (0.005 wt%)
has less thermal conductivity as a result heat transfer rate is
lower compared with other higher concentration nano fluid as
a result cutting temperature is higher in low concentration
nanofluid. Further, at the medium concentration (0.01 wt%),
thermal conductivity improved that is why heat transfer rate
increases thus cutting temperature reduces. But at highest con-
centration (0.05 wt%), although the thermal conductivity of
nanofluid increases, heat transfer rate increases but due to
higher number of nanoparticles present in the fluid, the



Int J Adv Manuf Technol (2020) 106:2265-2280 2273
Fig. 6 Experimental results of Types of Test run-1 Test run-2 Test run-3 Average
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friction or shearing or collision phenomena in between nano-
particles is dominant and produces additional heat; as a result,
cutting temperature at highest concentration is highest among
all concentration nanofluid. According to Xuan and Li [50],
the improvement in thermal conductivity is also depending on
the interaction and collision among nanoparticles in the base
fluid. Fathima and Mujeeb [51] stated that the thermal trans-
portation of nanofluid can be attributed through collision
among nanoparticles in the base fluid, the collision between
the nanoparticle and base fluid and nano-convection phenom-
ena in nanofluids. They stated that with increasing concentra-
tion up to a particular level, the base liquid layer (around the
nanoparticle) effectively diffuse heat as the contact surface
area increases. Hegab et al. [43] stated that the higher concen-
tration leads to nano additive wear which enhances the tool
wear; thus, higher temperature is found at a higher concentra-
tion of nanofluid. Also, during machining, a layer of nanopar-
ticle is formed on to the tool tip and its thickness increases

with nanoparticle concentration, as sedimentation of nanopar-
ticle on tool tip increase with the number of nanoparticle pres-
ent in a nanofluid. Therefore, at a low level of concentration,
sedimentation phenomena are less; however, layer thickness is
less; thus, heat transfer as a result higher cutting temperature is
found. Similarly, at the medium level, the thickness of formed
layer is improved; as a result, the cutting temperature is re-
duced. But at the higher level, the layer thickness is more
which creates a negative effect as it works as thermal resis-
tance; thus, the cutting temperature is highest at tool tip.
Higher layer thickness restricts the heat to dissipate; thus, this
layer works as a thermal resistance layer which attributed the
higher cutting temperature. Also, according to Das et al. [52],
heat transfer of fluid is directly influenced by the viscosity of a
fluid. Lager viscous fluid attributed the higher boundary thick-
ness which reduces the convective heat transfer capability of
fluid. In the current work, the viscosity of nanofluid at higher
concentration is more; thus, boundary layer thickness is
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Fig. 7 Experimental results of
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higher; as a result, heat dissipation phenomena retard and it is
confirmed through the cutting temperature results as the tem-
perature is larger at higher concentrations. Further, cutting
temperature (T) as revealed in Figs. 5b and 7 is found to be
very low as compared with the temperature obtained by
Kumar et al. [35] under dry cutting. Maximum average tem-
perature (51 °C) obtained at the highest concentration (0.05%)
of nano Al,O5 cutting fluid is about 70% lower than the tem-
perature obtained under the dry condition at same cutting and
tooling conditions [35]. It may be due to improved tribological
attributes, i.e., greater thermal conductivity as well as higher
heat transfer characteristics of nanofluids [11, 53—54]. Further,
it can be said that under spray impingement cooling, the
movement of nanofluid particles are slower because of the
resistance offered by air molecules; however, it separated the
nanofluid into tiny ones thus easily penetrating around the
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cutting zone and dissipated the cutting zone heat easily; thus,
the cutting temperature has been lowered [41]. In every con-
centration, temperature obtained with nano TiO, cutting fluid
is lower than that of temperature obtained under nano Al,O;
cutting fluid due to self-lubrication properties and higher sta-
bility of TiO, nanofluid which dominated the favorable effect
of higher thermal conductivity of Al,O3 nanofluid. FESEM
image, Fig. 2 ¢ and d, also confirms the higher agglomeration
of nano Al,O3 particles relative to TiO, particles which re-
duces the favorable thermal behavior of Al,O5 cutting fluid.
As a result, a heat dissipation phenomenon reduces and attri-
butes relatively higher cutting temperature. Among all set of
experiments, lowest temperature obtained under nano TiO,
cutting fluid (0.01% weight concentration) is with the average
value of 39.0 °C which is 77.2% lower than the temperature
(171 °C) obtained in dry condition with same turning
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conditions [35]. Compared with air-water mist spray cooling
[36], TiO, nanofluid produced 68.5% lower temperature due
to the favorable rolling effect of nanofluid during cutting. Also
at 0.01% weight concentration, TiO, nanofluid exhibits
9.72% lower magnitude of temperature compared with
Al,O5 due to higher wettability, greater lubricious, and higher
stability of TiO, dispersed nanofluid found from UV-Vsi
Spectrophotometer test results (Fig. 3a, b).

From the results, Fig. Sc, TiO, nanofluid provides lower
surface roughness relative to Al,O5 nanofluid. From the entire
test results, nano TiO, cutting fluid (0.01% weight concentra-
tion) exhibits lowest surface roughness and provides about
14.3% lower roughness compared with nano Al,O; cutting
fluid at the same concentration and about 11.5% lower surface
roughness compared with dry condition at same cutting pa-
rameters [35]. From the FESEM image of both nano particles,
Fig. 2c and d, the shape of particle is spherical but the shape
and size of TiO, nanoparticle is more symmetric or more
spherical compared with Al,O3 nanoparticles; thus rolling ef-
fect is more dominating under TiO, nanofluid which led to
enhanced lubrication effects compared with Al,O3 nanofluid
even if thermal conductivity of Al,O3 nano fluid is minutely
higher than TiO, nanofluid. Due to this, surface roughness is
lower with TiO, nanofluid compared with Al,O3 nanofluid.
Additionally, finer size of TiO, nanoparticles easily penetrated
into the tiny holes or scratches available on to the workpiece
and tool (due to manufacturing defects) and therefore provid-
ed a uniformly flat surface that minimizes the friction and
cutting temperature and produces the better surface finish.
This effect is called a mending effect [21]. Also, nanoparticles
have a great ability to penetrate into the contact surfaces easily
and exhibited significant elastohydrodynamic lubrication per-
formance [55]. According to Sahu et al. [38] machining with
spray impingement cooling introduced an improved result be-
cause in spray cooling, cutting fluid was supplied at high
pressure and high velocity, which penetrates through capillary
action into the chip-tool interface that causes the reduction of
friction as a result cutting temperature reduces and surface
quality improved compared with dry condition. Nanofluid
has greater wetting as well as lubricating characteristics of
the tool tip and as a result, heat dissipation phenomena from
cutting zone arer improved and favor smoother machining
with good quality of surface finish compared with dry [44].
The influence of nanofluid concentration on surface rough-
ness is clearly found in the analysis. For both nanofluids,
surface roughness reduces when concentration increases from
0.005 to 0.01% weight % while in a further increase in con-
centration (0.05 wt%) surface roughness significantly im-
proved. Similar observations were reported by Rahmati et al.
[55]. Under nanofluid machining, protective thin films con-
taining billions of nanoparticles were formed on to the fin-
ished work surface and enabled much lower friction as well
as thermal deformation compared with the un-machined work

surface. This protective film amplified when concentration
increases up to a certain limit and beyond it, less protective
film produced thus surface quality improved up to a certain
limit of concentration and beyond it, the surface quality di-
minishes. Also, nanoparticles at higher concentrations forc-
ibly impinged by compressed air into pores of the surface.
Further, these nanoparticles were sheared off by other incom-
ing nanoparticles and more plowed off particles are remained
on to the thin protective film as a result, rougher surface is
produced at 0.05 wt% of nanofluid compared with 0.01 and
0.005 wt% [55-56].

In every test run, the shape of the chip is found to be helical
in nature. In the current work, as hardness of D2 steel is 55 + 1
HRC, i.e., it is semi brittle in nature; therefore, helical chips of
small segments are produced due to brittle fracture of work-
piece during machining. Das et al. also found helical chips at a
cutting speed of 100 m/min with feed rate 0.05 mm/rev in hard
turning of AISI 4340 steel under dry condition [57]. Also,
according to Chandra et al. [58], helical chips produced under
non-orthogonal turning which satisfied the current turning
condition. Chip helix angle () is the angle between the chip
curl axis and the tangent of the chip curl surface as shown in
Fig. 8 [59]. The higher chip helix angle is noticed with nano
Al,O5 cutting fluid compared with nano TiO, cutting fluid
due to the formation of a thicker hydro-dynamic layer between
chip and tool [44]. Also, helix angle of chip depends on ther-
mal conductivity of nanofluid; therefore, as thermal conduc-
tivity of Al,O5 nanofluid is more than TiO, nanofluid, hence,
A is higher for Al,O5 nanofluid. During cutting action, the
bottom portion of chips which are in contact with tool-rake
surface get expanded due to higher cutting temperature but at
the same time, the top portion of chips is adhered with
nanofluid; thus, due effective cooling takes place and chips
experienced contraction as latent heat of chip is absorbed by
nanofluid droplets by evaporative cooling. Therefore, due to
this expansion and contraction, chip curling produced [60].
Also, chip curl radius increases with the concentration of
nanoparticles in the cutting fluid. It may be due to the higher
amount of nanoparticles strike on to the tool rake which ac-
celerates the curliness of chip [44, 58]. Metallic color chips
confirm the generation of lower chip-tool interface tempera-
ture (Figs. 7 and 8). In every test run, saw-tooth shape has
been noticed due to periodically fracture of work material by
occurring very high intensity of shear bands during machining
[37]. From Fig. 8a—f, it can be stated that the chip segmenta-
tion under different nanofluid concentrations is different. In
general, segmental chips are produced during machining of
hardened steel and this occurrence is directly linked to cutting
force fluctuations and stress distribution in the work area and
also affects the temperature distribution, and thus the results of
the process [61]. Under nanofluid machining, due to increas-
ing concentration of nanofluid, the chip segmental length de-
creases due to occurrence of more intensity of load on to the
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Fig. 8 Chip micrographs. a, b
0.005% weight concentrations. c,
d 0.01% weight concentration. e,
f 0.05% weight concentration
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formed chip because of the large number of nanoparticle pres-
ent in the higher concentration of nanofluid. Also, from the
thermal conductivity results (Table 1), the thermal conductiv-
ity increases with the leading concentration of nanoparticle in
the base fluid, which increases the heat transfer rate; thus,
rapid quenching of chips takes place. Due to this rapid
quenching and continuous impingement of nanofluid, the chip
gets segmented in small continuous length chips.

For tool life assessment, nano TiO, cutting fluid with
weight concentration of 0.01% has been taken as it provides
the best result among all tests considering flank wear criterion
of VBc=0.3 mm [35-36, 62—64]. The cutting and spraying
nanofluid parameters are as follows: v=108 m/min; f=
0.04 mm/rev; d=0.1 mm, Ap= 1.5 bar; and Np =1 bar [36].
Flank wear has been assessed with machining time and tool
life is noted to be 154 min, Fig. 9a. On similar cutting vari-
ables, Kumar et al. found the tool life of 61 min under dry
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cutting [35] and 105 min under air-water mist spray cooling
environment [36], i.e., with nano TiO, cutting fluid, 2.52
times more tool life is obtained compared with dry cutting
and 1.47 times higher tool life obtained compared with air-
water mist spray cooling environment due to excellent wetta-
bility, lubrication, and heat dissipation capability of nano TiO,
cutting fluid during turning.

During tool life evaluation, tool-tip wear gradually im-
proves with the progress of machining time as shown in
Fig. 9a. The mechanisms like abrasion, notching, chipping,
and catastrophic failure of the tool are major phenomena
identified during tool life evaluation [36, 65]. Till 35 min
of machining, only the abrasion dominates and is respon-
sible for wear growth as shown in Fig. 9a. Groove wear is
noticed after 49 min and continued to 77 min. Chipping
phenomena started at 77 min and it continued till 119 min
of machining. Further, the chipping phenomena are
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Fig. 9 Evaluation of a tool life, b

(]

cutting temperature, and ¢ surface

035 - ‘Tool Life Measurement

VBc=0.204 mm

roughness under 0.01% weight :
concentration of nano TiO, p =t iy
1 1 0.304 . . 13 9 Tc =105 minutes
cutting fluid Tool life = 154 minutes T . ¥ o~
—_
é 0.25 Clslllll VBc= mm
N . 0 200 pm 200 pm
é 10 Tc =119 minutes
= 0.20 4 3 L -
P . i x>
[ VBc=0.102 — 0935
< iy . VBc= 0.235 mm
g 0.154 I =108 m/min Tc = 35 minutes—— h’. o
5 f=0.04 mm/rev 11Catastrophic wear
'gO.IO- I d=0.1 mm W %
=3 3 Ap = 1.5 bar VB2 0.280 mm
0.05 Np = I bar Te= l33min%
2 Nanofluid = TiO2 + Water 12 Tc'—l'wlli:lptcs
0.00 . . -

0 20 40 60

Machining Time, Tc (min)

(]

VBc=0.292 mm

T T T 1 vV
100 120 140 160 T 3 min_ g,
7 S

Ry
VBc= 0.190 mm

e~
Tc = 77 minute$"

-

251 [Surface Roughness Analysis

80+ ‘Cutting Temperature Analysis
70+
o
= 604
£50+
ﬁ
L 4
@* 40 v =108 n/min
ﬁ 304 £=0.04 mm/rev
) d=0.1 mm
£ 20 Ap = 1.5 bar
=1 Np = 1 bar
&)
10

Nanofluid = TiO2 + Water

v =108 m/min
f=0.04 mm/rev
d=0.1 mm

Surface Roughness, Ra (pm)

Nanofluid = TiO2 + Water

(=

0.0 T

T

20 40 60

=

Machining Time, Tc (min)

converted into catastrophic failure of tool tip due to high
stress and high temperature as shown in Fig. 9a. Further,
tool wear width reached to its limit of 0.3 mm at 154 min of
machining.

Also higher heat dissipation quality of TiO, fluid exhibits a
significant reduction in cutting temperature as shown in Fig.
9b. Due to this reduction in cutting temperature, the tool wear
growth is also reduced which is confirmed through the tool
life result (Fig. 9a). Formation of a hydrodynamic layer on to
the tool tip also restricts the heat inside the tool tip thus lowers
temperature generation in machining which is confirmed by
IR thermal imager where maximum temperature obtained at
the end of tool life is 69.5 °C. On same cutting conditions,
Kumar et al. [35] found the chip-tool interface temperature at
end of tool life under the dry condition of 442.3 °C which is
about 6.36 times higher than the temperature obtained under
nano-TiO, cutting fluid condition. Similarly in another work
by Kumar et al. [36], at same cutting condition under air-water
mist spray cooling, the cutting temperature at the end of tool
life is 160.6 °C, i.e., compared with nano TiO, cutting fluid,
about 2.31 times more temperature is generated under air-
water mist spray cooling. From Fig. 9b, it is clearly noticed

T T T T T T T
80 100 120 140 160 0 20 40 60 80

T T T T
100 120 140 160
Machining Time, Tc (min)

that the growth in temperature is almost steady initially (up to
63 min) and then increasing at the end of tool life.

Surface roughness also improves steadily with the progress
of machining time as shown in Fig. 9c due to lower wear rate
under nanofluid spray cooling. At surface roughness criteria
of 1.6 um, the tool life was found as about 110 min which is
good enough for hard turning concern. At the end of tool life,
surface roughness is noticed to be 2.146 um due to chipping
action which results in non-uniform contact between work and
tool during cutting.

4 Conclusions

Based on the performance of water-based nano-Al,O3 and
nano-TiO, cutting fluid using spray impingement technique
in hard machining, the following conclusions are made:

* High-energy ball mill is utilized to convert micro-sized
raw powder of Al,O3 and TiO, into nano-sized powder
and an average diameter of Al,O5 and TiO, are 44 nm and
27 nm, respectively.
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* In each % weight of concentration (0.005, 0.01, and 0.05),
nano TiO, cutting fluid exhibits better results on machin-
ability over nano Al,O; cutting fluid due to the higher lu-
bricious and wettability characteristics. Also, it may be due
to the higher particle size of Al,O; compared with TiO,.

* Most favorable result among all machinability experi-
ments is found at 0.01 wt% concentrations of TiO, fluid.
At this condition, compared with nano Al,O; cutting fluid,
nano TiO, cutting fluid attributed a significant reduction
in tool wear (29%), in cutting temperature (9.7%) and in
surface roughness (14.3%).

* 29% and 27.7% less tool wear was noticed under nano
TiO, fluid (0.01% weight) machining compared with dry
cutting and air-water-based spray impingement cooling,
respectively.

* Abrasion and micro-grooves are identified as the major
form of tool wear for both cutting fluids. Higher helix
angle and higher curl radius of the chip are noticed under
Al,O3 cutting fluid and these parameters are increasing
with % weight concentration of both nanofluids.
Increasing helix angle may happen due to the formation
of a thicker hydro-dynamic layer between chip and tool.
Helical and metallic chips are identified in every run with
saw-tooth profile due to periodic fracture of work material.
Among all set of experiments, lowest cutting temperature
obtained under nano TiO, cutting fluid (0.01% weight
concentration) is with an average value of 39.0 °C which
is 77.2%, 68.5%, 9.72% lower than the temperature ob-
tained under dry, air-water mist spray cooling, and Al,O3
nanofluid (0.01% weight concentration), respectively.

+ Tool life at 0.01 wt% concentrations of nanoTiO, cutting
fluids found to be 154 min taking flank wear criteria of
0.3 mm, which is 2.52 times more than the tool life ob-
tained under dry cutting due to excellent wettability, lubri-
cation, and heat dissipation capability. Abrasion, groove
wear, and chipping are noticed during tool life assessment.
Also, higher heat dissipation quality of TiO, fluid lowers
the chip-tool interface temperatures which retard the
growth of wear and improves surface quality.

In this work, the nozzle position is kept perpendicular to the
rake surface. So variations in the nozzle position may influ-
ence the machining performance so it may be considered in
future work. In mostly published work, only the MQL tech-
nique was used for nanofluid cooling, so there is a scope to use
spray impingement cooling technique and compared its result
with MQL. In the current work, the spray impingement
cooling technique with TiO, nanofluids (0.01 wt%)
outperformed and may be applied in the future for other metal
machining processes. Besides, the nanofluid can be prepared
using hybrid nanoparticles and may be investigated in appli-
cations like machining, heat exchangers, and lubricants under
high-pressure circumstances.
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