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ABSTRACT

Recently, environmental consciousness has led to the quest for ways to minimise negative elements in machining
operations that threaten operator health and the environment. Titanium alloys are hard to cut, thus cooling the cut-
ting zone is essential to reduce tool wear. Variations in Al,O, nanoparticle concentrations supplied to the minimum
quantity lubrication (MQL) cutting fluid affect cutting wedge wear during Ti6Al4V alloy turning. A diameter of
15 nm nanoparticles were utilised at 0.25, 0.5, 0.75, and 1 wt% mass concentrations. In the experiments, the flank
face wear band width VB, and crater width KB were measured. Comparisons were also made using dry-cutting
tools and the MQL approach without nanoparticles. X-ray microanalysis was used to quantify and qualitatively
assess the chemical composition of chosen rake surface micro-areas. Studies showed that AlL,O, nanoparticle mass
concentration affects tool wear when turning a hard-to-cut alloy. 0.5 and 0.75 wt% mass concentrations had the
lowest flank and rake wear of the four mass concentrations. The SEM examination showed that 0.5 wt% mass

concentration decreased adhesive wear the most.
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INTRODUCTION

Reducing machining’s and cooling’s detri-
mental effects on the environment has been a
hot topic of study in recent years. In addition,
non-hazardous alternatives to traditional tech-
niques of cooling the cutting zone are being in-
vestigated [1, 2]. Large amounts of heat are creat-
ed during cutting, which can dramatically change
machining conditions, making their use vital in
many circumstances. Aside from lowering fric-
tion and clearing away heat from the cutting zone
[3-5] cutting fluids also help form chips in a way
that makes them more manageable to move out
of the way of the action. Consequently, it causes
shifts in the development of the technical surface
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layer [6], mostly by improving the quality of the
machined surface [7, 8]. But dry machining caus-
es tools to wear out more quickly, which lowers
productivity [9]. The minimum quantity lubri-
cation (MQL) method has been utilised to com-
bine the benefits of employing cutting fluids with
environmental preservation. To accomplish this,
compressed air and very modest amounts of cool-
ant (10-100 ml/h) must be supplied. Through the
use of a nozzle, such an aerosol is delivered to
the cutting region [10]. The MQL process saves
as much as 20% of the total manufacturing cost
due to its low cutting fluid consumption, which
removes the issues connected with the disposal
of large quantities of the fluid [11, 12]. Despite its
many advantages, this cooling method may not
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provide sufficient temperature reduction during
machining, especially when difficult-to-machine
materials are being cut. These materials include
titanium alloys, such as the Ti6Al4V alloy [13],
which has a utilisation rate of up to 60% com-
pared to other alloys of this metal [11] and is
mainly used in the aerospace [14, 15], medical
[16, 17] and marine [18, 19] industries. Titanium
alloys are known for their high corrosion resist-
ance [20] and low density [21], and also have low
thermal conductivity and high strength at high
temperatures [22], which increases the rate of tool
wear during machining [23].

The potential use of nanoparticles to increase
the thermal conductivity of the machining fluid
and its tribological properties has been explored
[24] in order to implement a minimum quantity
lubrication approach while machining hard-to-
cut alloys [25]. Lower friction and less tool wear
are the results of their four modes of action in the
cutting zone, which also include polishing and
rolling as well as the mending effect and tribofilm
generation [26, 27]. Cutting tool durability was
improved by using nanofluids, as shown in a study
by Yi et al. [28]. The researchers turned Ti6AI4V
alloy with a cutting fluid based on mineral oil and
vegetable oil, to which they added graphene ox-
ide (GO) nanoparticles with a size of 50 nm and
a concentration of between 0.1 wt% and 0.5 wt%.
Results from an analysis of tool wear showed that
using a nanofluid with a GO concentration of 0.3
wt% reduced build-up edge formation in compar-
ison to using a conventional machining fluid, and
also reduced wear on the flank and rake surfaces
by 77.78% and 41.21%, respectively. The authors
suggest that the increased thermal conductivity of
the nanofluid may be responsible for such an out-
come. Nanoparticles’ better heat dissipation ex-
tended tool life, according to Anandan et al. [29].
They employed 1.5 g graphene nanoparticles
in 250 ml ethylene glycol with sodium dodecyl
benzene sulfonate surfactant this time. The MQL
method utilised nanofluid to turn M42 alloy, com-
pared to dry machining and minimum amount lu-
brication with a canola oil-based aerosol. Com-
pared to alternative cooling methods, nanofluid
reduced tool wear by 91% and 86%. Makhesana
et al. [30] turned Inconel 690 alloy with 1-wt%
MoS, nanoparticles in canola oil. Other meth-
ods included dry machining, wet machining with
mineral oil-based cutting fluid, and MQL using
canola oil without nanoparticles. MoS, and pure
oil MQL reduced tool wear by 20-25% compared

to dry machining, according to researchers. The
increased penetration of oil droplets into the tool-
chip and tool-workpiece material contact zone
reduced friction and heat during cutting. Other
cooling methods caused more tool wear than the
aerosol with nanoparticles because the active me-
dium cooled and lubricated. Due to pressurised
air, nanoparticles, and oil droplets, the cutting
zone temperature dropped, extending tool life.
MQL cooling with MoS, dissipated heat best and
helped remove chips from the contact surface, re-
ducing friction and tool wear. Zhang et al. [31]
turned 40Cr steel using the MQL process with
varying SiC nanoparticle concentrations of 0.5, 1,
3, & 5 wt% and sizes of 40, 60, 80, and 500 nm.
The MQL aerosol without nanoparticles was gen-
erated using rapeseed oil as the basis fluid in the
nanofluids. Dry machining was used to compare
turning. The nanofluid with 3 wt% SiC had the
lowest VB index values for various nanoparticle
concentrations during tool wear analysis. Tool
wear at the flank surface was 10.6% and 55.1%
lower with nanoparticles and dry machining than
with MQL. The high pressure of the injected aero-
sol lowered the cutting zone temperature, accord-
ing to the authors. The combination of nanopar-
ticles and oil reduced friction, increased tribofilm
load-bearing capacity, and improved tool wear
resistance. The smallest nanoparticle size, 40 nm,
reduced flank surface tool wear by 46.7% and
9.6% compared to dry machining and minimum
quantity lubrication without SiC. SiC became
less effective than rapeseed oil at diameters up to
500 nm, and its anti-wear impact decreased with
nanoparticle size. Scientists say smaller nanopar-
ticles reach the cutting zone more easily, mini-
mising friction and wear. Additionally, Brownian
motion controls the nanoparticles suspended in
the oil, making such nanofluids more stable.
Scientists also studied Al,O, nanoparticles.
The experiments carried out so far indicate that
these nanoparticles are able to improve the heat
dissipation capacity of the cutting fluid [32], but
the degree of such effect depends on their con-
centration [33-35]. Pal et al. [36] drilled AISI
321 steel using dry, wet, MQL, and MQL with
AI203 nanoparticles in sunflower oil at 0.5, 1, and
1.5 wt%. Nanofluids increased tool life when re-
searchers examined the cooling methods’ effects
on tool wear. The MQL technique with ALO,
minimised drill wear, with no micro-chipping or
build-up edge at the highest concentrations of 0.5
and 1 wt%. Reduced tool wear was attributed to
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the nanofluid’s increased cooling effect, the Al,O,
nanoparticles’ lubricating film, and the 1.5 wt%
concentration’s effective separation of the contact-
ing surfaces, which reduced adhesion compared to
lower concentrations and other cooling methods.
In contrast, Venkatesan et al. [37] examined how
AlLO, nanoparticles and their concentration affect
tool wear during Incoloy 800H alloy turning un-
der MQL cooling. The concentrations were 0.25,
0.5, and 1 wt%. It was found that the nanofluid
at 0.25 wt% concentration enhances the thermal
conductivity of coconut oil and reduces tool wear
compared to other concentrations. The build-up
edge was maximum at 0.5 wt% concentration,
whereas increased flank wear was seen at 1 wt%
due to lower cutting fluid lubrication and reduced
temperature at the tool-workpiece interface.
Despite numerous experiments using nanopar-
ticles in the MQL method during machining, there
are few studies on the effect of Al,O, nanoparti-
cles with different mass concentrations on tool
wear during the machining of the difficult-to-cut
Ti6Al4V alloy, which would require a chemical
analysis of the cutting wedge’s rake surface. Thus,
this paper compares dry machining and aerosol
without nanoparticles to a polyol ester-based na-
nofluid with an AL,O, concentration of 0.25-1 wt%
on VB, and KB indicators and wear mechanisms.

MATERIALS AND METHODS

Nanofluid preparation

Polyol ester was used as the starting material
to create the nanofluid. In order to achieve mass
concentrations of 0.25 wt%, 0.5 wt%, 0.75 wt%,
and 1 wt%, 15 nm Al,O, nanoparticles were add-
ed. After 60 minutes of ultrasonic homogeniza-
tion with a Hielscher UP200St (Fig. 1a), the nan-
oparticles were evenly distributed. The nanofluid
was stored in a Lubrimat L.60, which then sprayed
it through two nozzles directly onto the cutting
area. The air flow rate was 40 1/min, and the ma-
chining fluid flow rate was 58 ml/h.

Workpiece material and tool
wear measurement details

The mostly used titanium alloy i.e., Ti-6Al-4V
has been used to perform the turning tests in the
current work. The chemical composition of work-
piece is depicted in Table 1 and for machining
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of subjected material, CNC CKE6136i lathe has
been used. The physical vapour deposition (PVD)
coated 3 mm thick AITiN layers on carbide inserts
were used to perform the machining experiments.
The tool geometry used is: major cutting edge an-
gle x, = 95°, minor cutting edge angle «,’ = 50°,
rake angle y = 0°, clearance angle of the main cut-
ting edge a = 0°, major cutting edge inclination
angle A, = 5°, corner angle £ = 35°, corner radius
r. = 0.4 mm; SVLBR2020K16 toolholder; VB-
MT160404-F1 insert, respectively. During ma-
chining, the cutting parameters v_ = 70 m/min, f =
0.065 mm/rev, and a = 0.6 mm were kept fixed.

Tools were was measured by following the
ISO 3685:1993. Using a Dino Lite AM7013MZT
universal microscope, the width of a wear band
on the flank face (VB;) and the width of a cra-
ter on the rake face (KB) was measured. In the
first round of experiments, the cooling method
was varied and the tool was used for 30 minutes
while readings were obtained every 6 minutes.
For each type of cooling, three repetitions of tool
wear tests were made. In order to determine the
level and nature of wear on the cutting wedge,
a JEOL JSM-5600LV scanning microscope was
used (Fig. 1c). In the end, the EDS mapping was
performed to analyse the specific composition
with the help of X ray micro-analyser.

RESULTS AND DISCUSSION

To evaluate the impact of Al,O, nanoparticle
concentration on tool life, the VB, and KB wear
indicators were measured on the inserts follow-
ing the Ti6Al4V turning process. Figures 2 and 3
display the results obtained.

Analysis of the flank wear band width (Fig.
2) showed that the smallest VB, values were ob-
tained using AL O, nanoparticles at a concentra-
tion of 0.5 wt% in the cutting fluid, with a sig-
nificant difference compared to the other concen-
tration values used after 12 minutes of operation.
After 12 minutes of operation, the discrepancies
in the VB, values achieved by applying 0.25 wt%,
0.75 wt%, and 1 wt% AL O, concentrations in the

Table 1. Ti6Al4V chemical composition
Chemical composition, %
Fe (6] Al H C N Ti \%

max max max max max

0.16 | 0.160 | 6.05 | <0.0006 | 0.012 | 0.010 | =89.36 | 4.16
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Figure 1. Apparatus used for the research: (a) Hielscher UP200St ultrasonic homogenizer,
(b) Dino Lite AM7013MZT digital microscope, (¢) JEOL JSM-5600LV SEM microscope
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Figure 2. Flank wear results with respect to the different ratio of Al,O, nanoparticles

MQL method rarely exceeded 10.5%. However,
after only 6 minutes of blade operation, the intro-
duction of 0.5 wt% Al,O, nanoparticles reduced
the width of the wear band on the flank surface
by 14.5% to 50%. After 30 minutes of turning
Ti6Al4V with nanofluid cooling at an A1,O, con-
centration of 0.75 wt%, the insert showed the
smallest values of crater width on the rake sur-
face (Fig. 3). The greatest KB value was seen for

the whole insert monitoring period when cooling
using the MQL method with nanoparticles at con-
centrations of 0.25 wt% and 1 wt%, respectively.
When using the MQL technique, the wear on the
rake’s surface (measured with the KB indicator)
was consistent throughout all except the small-
est of mass concentrations of Al,O, nanoparti-
cles. Increases in concentration, up to 0.75 wt%,
reduce KB values because of enhanced thermal
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Figure 3. Crater wear results with respect to the different ratio of A1,O, nanoparticles

conductivity and wetting ability of the active me-
dium. When the concentration was raised by 1
wt%, however, a little widening of the craters was
seen. Reduced nanofluid aerosol penetration into
the cutting zone has been linked to precipitation
and excessive viscosity caused by an increase in
the mass concentration of Al,O, nanoparticles
[38]. SEM observations of cutting wedges in
MQL + ALO, settings (Figures 4-7) reveal that
adhesion phenomena is the primary wear process
on the rake surface.

SEM observations of the cutting edge after
turning of the Ti6Al4V titanium alloy with 0.25
wt% Al,O, nanofluid cooling (Fig. 4b) showed
that the predominant type of wear is adhesive
wear on the rake surface and abrasive wear on the
main flank surface, where characteristic grooves
were also observed. Chipping was noted on the
rake surface, which is the cause of more rapid
wear of the main cutting edge. Higher intensity
of the tungsten occurrence (Fig. 4c) is an indi-
cation of increased wear of the AITiN coating of
the cutting edge. A higher content of vanadium
(approximately 2.5%), an element present in the
workpiece material, was observed in micro-ar-
ea 3 (Fig. 4a). The lowest mass concentration of
nanoparticles used in the active medium under
minimum quantity lubrication conditions may
indicate less tribofilm formation in the cutting
edge-workpiece material contact zone. However,
due to the AITIN coating on the cutting insert and
the presence of aluminium in the workpiece ma-
terial, Ti6AI4V titanium alloy, it was challenging
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to subject the conditions of tribofilm formation on
the cutting wedge surfaces to accurate scanning
analysis when using Al,O, nanoparticles. Similar-
ly, oxygen was ruled out because it was already
present in the base fluid into which the nanopar-
ticles were injected as a byproduct of chemical
reactions in the cutting zone.

Adhesive wear on the contact surface was
diminished when the mass concentration was in-
creased to 0.5 wt% (Fig. 5). The vanadium con-
centration in micro-areas 2, 3, and 4 (Fig. 5a)
does not go above 1.5%, confirming this. A small
build-up edge was observed in the groove forma-
tion zone, which can protect the cutting edge from
wear under suitable cutting conditions [39]. The
use of a 0.5 wt% nanoparticle concentration also
resulted in a lower tungsten occurrence intensity
(Fig. 5¢), but with a greater length along the main
cutting edge. The smallest amounts of oxygen
and carbon were found under these cooling con-
ditions, which may indicate good penetration of
the smaller nanofluid droplets with the considered
mass concentration of ALO,. Cutting edge wear
can be reduced by increasing the mass concentra-
tion of the nanoparticles put into the cutting fluid,
which reduces friction in the cutting zone and in-
creases the wettability of the nanofluid [40]. More
vanadium (2.10 percentage points) was found in
micro-area 2 when using a 0.75 wt% Al,O, con-
centration in the MQL method, indicating more
intense adhesive wear on the tool compared to the
cutting tool operating with MQL + AL O, 0.5 wt%
(Fig. 6a). Tungsten distribution analysis (Fig.
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Figure 4. SEM of cutting tool with 0.25 wt% ALO, nanoparticles at
(a) Rake face (b) Flank face and (¢) EDS mapping of cutting tool
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Figure 5. SEM of cutting tool with 0.5 wt% ALO, nanoparticles at (a) Rake
face (b) Flank face and (c) EDS mapping of cutting tool
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Figure 6. SEM of cutting tool with 0.75 wt% Al,O, nanoparticles at a) Rake
face (b) Flank face and (c) EDS mapping of cutting tool
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face (b) Flank face and (c) EDS mapping of cutting tool
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6¢) reveals a decrease in tungsten content when
compared to the tool running under MQL + AL O,
0.25% cooling and an increase when compared to
MQL + ALO, 0.5% cooling. The primary flank
surface showed signs of wear and tear in the form
of distinctive grooves. Precipitation of the Al,O,
nanoparticles after a certain time period prevents
the aerosol from reaching the cutting zone due to
a significant increase in viscosity, leading to an
insufficient cooling and lubricating function of
the nanofluid and an increase in wear [41]. SEM
analysis of the cutting wedge’s rake surface while
running on MQL with 1 wt% Al O, nanoparticles
confirms this mechanism. According to the car-
bon occurrence intensity (Fig. 7c), oil adhesion
was shown to be enhanced under these cooling
circumstances. Micro-area 2 also showed an in-
creased vanadium content (up to 2.8 wt%), indi-
cating increased adhesive wear. This could be at-
tributed to inadequate lubrication of the nanofluid
due to subpar conditions for the formation of thin
tribofilm layers in the cutting edge—workpiece
material contact zone [42]. At a concentration of
0.5 wt%, a distinct distribution of oxygen and al-
uminium was discovered on the rake surface (Fig.
5¢), which may lead to a decrease in the selected
wear indicator values due to the creation of a thin
tribofilm layer. There was a comparison made be-
tween using nanoparticles in the cutting fluid, dry
machining, and the MQL technique. ALO, nano-
particles at a concentration of 0.5 wt% were used
in the comparison because they produced the
lowest VB, values. Figures 8 and 9 demonstrate

0.40

how the cooling procedure affects the size of the
wear band on the flank face and the crater on the
rake face.

Wear band width values on the flank surface
were reduced by 45.5% (Fig. 8) and crater width
values were reduced by 22.7% (Fig. 9) when ALO,
nanoparticles were used in the MQL process in-
stead of dry machining. These variations stood
at 26.1% and 8.3% from the MQL technique de-
void of nanoparticles, respectively. Reductions in
temperature in the cutting zone and consequently
lower friction lead to decreased wear of the cutting
wedge when using the MQL method without na-
noparticles compared to dry machining [43]. The
cutting fluid in the aerosol has excellent lubricating
properties, and this is why the MQL method reduc-
es tool wear; in the case of the MQL process with
nanoparticles, this is due to the formation of an
additional tribofilm on the flank surface, which in
turn reduces friction in the chip—tool contact zone.

CONCLUSIONS

Cutting tool wear during turning of Ti6Al4V
titanium alloy was investigated in order to ascer-
tain the effect of ALO, nanoparticles and their
concentration in the MQL method. The values of
cutting edge wear indicators were also compared
between the results obtained and those of dry ma-
chining and the MQL method without nanopar-
ticles. The following findings emerged from the
analyses performed.
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Figure 8. Flank wear results under different cooling conditions
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Figure 9. Crater wear results under different cooling conditions

The width of the crater on the rake surface
and the thickness of the wear band on the flank
surface are both significantly affected by the mass
concentration of ALO, nanoparticles in the nano-
fluid. Because of an improvement in wettability
and thermal conductivity, the active medium’s
VB, value was found to be lowest at a concentra-
tion of 0.5 wt%, while the KB value was found to
be lowest at a concentration of 0.75 wt%. How-
ever, the nanofluid’s viscosity increases and its
ability to penetrate the cutting zone decreases as
its mass concentration increases more.

According to SEM and EDS, adhesive wear
was predominant on the rake surface after turning
under MQL + ALO, 0.25 wt% conditions, while
abrasive wear was concentrated on the flank sur-
face. The lowest nanoparticle content of the nano-
fluid may have made tribofilm formation harder.
However, increasing the concentration to 0.5 wt%
reduced adhesive wear on the rake surface and re-
duced carbon and oxygen levels, showing nano-
fluid-based aerosol droplets penetrated the cutting
zone. The 0.5 wt% ALO, nanoparticle composi-
tion reduces cutting zone friction and improves
nanofluid wetting. Due to increased nanofluid
viscosity and decreased cooling and lubricating
capabilities, adhesive wear increased at 0.75 wt%.
Abrasion was also found on the flank. Increased
concentration to 1 wt% increased adhesive wear
due to nanofluid reduced cutting zone lubrication
and hampered thin tribofilm layer development.
A mnanofluid with 0.5 wt% ALO, nanoparticles
reduces wear band width on flank surfaces, com-
pared to dry cutting and MQL without nanopar-
ticles. The minimum quantity lubrication with
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nanofluids creates a flank tribofilm compared to
MQL without them. MQL with nanoparticles pro-
duces the smallest rake surface crater widths.

Acknowledgements

This work was supported by the National Sci-
ence Centre (Decision No. 2019/35/B/ST8/00552)
“Modeling of problems related to hydrodynamics
of nanoparticles-filled active medium formation
during machining in minimum quantity cooling
and lubricating conditions”.

REFERENCES

1. Jamil M., He N., Li L., and Khan A. M., Clean
manufacturing of Ti-6Al-4V under CO,-snow and
hybrid nanofluids, Procedia Manufacturing, 2020,
48, 131-140. doi:10.1016/j.promfg.2020.05.029.

2. Nouzil I, Eltaggaz A., Deiab 1., and Pervaiz S., Nu-
merical CFD-FEM model for machining titanium
Ti-6Al-4V with nano minimum quantity lubrication:
A step towards digital twin, Journal of Materials
Processing Technology, 2023, 312:117867. doi:
10.1016/j.jmatprotec.2023.117867.

3. Maruda R. W., Feldshtein E., Legutko S., and Krol-
czyk G. M., Research emulsion mist generation in
the conditions of minimum quantity cooling lubrica-
tion (MQCL), Tehnicki vjesnik-Technical Gazette,
22(5), 1213-1218, 2015. doi: 10.17559/TV.

4. Maruda R. W,, Krolezyk G. M., Niestony P., Krol-
czyk J. B., and Legutko S., Chip formation zone
analysis during the turning of austenitic stainless
steel 316L under MQCL cooling condition, Proce-
dia Engineering, 2016, 149:297-304. doi: 10.1016/j.



Advances in Science and Technology Research Journal 2024, 18(1), 76—88

proeng.2016.06.670.

5. Maruda R. W., Legutko S., Krolczyk G. M., Hloch
S., and Michalski M., An influence of active addi-
tives on the formation of selected indicators of the
condition of the X10CrNi18-8 stainless steel surface
layer in MQCL conditions, International Journal of
Surface Science and Engineering, 2015, 9(5), 452—
465. doi: 10.1504/IJSURFSE.2015.072069.

6. MarudaR. W., Krolczyk G. M., Michalski M., Nies-
lony P., and Wojciechowski S., Structural and micro-
hardness changes after turning of the AISI 1045 steel
for minimum quantity cooling lubrication, Journal
of Materials Engineering and Performance, 2017,
26(1), 431-438. doi: 10.1007/s11665-016-2450-4.

7. KhalilA.N.M.,AliM.A. M., and. Azmi A. I, Effect
of ALO, Nanolubricant with SDBS on tool wear
during turning process of AISI 1050 with minimal
quantity lubricant, Procedia Manufacturing, 2015,
2:130-134. doi: 10.1016/j.promfg.2015.07.023.

8. Maruda R. W., Legutko S.,. Krolczyk G. M, and.
Raos P, Influence of cooling conditions on the
machining process under MQCL and MQL condi-
tions, Tehnicki Vjesnik, 2015, 22(4), 965-970. doi:
10.17559/TV-20140919143415.

9. Bertolini R., Ghiotti A., and Bruschi S., Graphene
nanoplatelets as additives to MQL for improving
tool life in machining Inconel 718 alloy, Wear, 2021,
476: 203656. doi: 10.1016/j.wear.2021.203656.

10. Maruda R. W., Szczotkarz N., Wojciechowski S.,
Gawlik J., and Krolezyk G. M., Metrological rela-
tions between the spray atomization parameters of a
cutting fluid and formation of a surface topography
and cutting force, Measurement: Journal of the In-
ternational Measurement Confederation, 2023, 219.
doi: 10.1016/j.measurement.2023.113255.

11. Khan M. A, Imran Jaffery S. H.,. Khan M, and Al-
ruqi M., Machinability analysis of Ti-6Al-4V un-
der cryogenic condition, Journal of Materials Re-
search and Technology, 2023, 25:2204-2226. doi:
10.1016/j.jmrt.2023.06.022.

12. Gunan F.,. Kivak T, Yildirim C. V., and Sarikaya M.,
Performance evaluation of MQL with AL,O, mixed
nanofluids prepared at different concentrations in
milling of Hastelloy C276 alloy, Journal of Materi-
als Research and Technology, 9(5), 10386—10400,
2020, doi: 10.1016/j.jmrt.2020.07.018.

13. Leksycki K.and Krolezyk J. B., Comparative assess-
ment of the surface topography for different optical
profilometry techniques after dry turning of Ti6A14V
titanium alloy, Measurement: Journal of the Interna-
tional Measurement Confederation, 2021, 169. doi:
10.1016/j.measurement.2020.108378.

14. Shokrani A., Al-samarrai I., and Newman S. T.,
Hybrid cryogenic MQL for improving tool life in
machining of Ti-6Al-4V titanium alloy, Journal of
Manufacturing Processes, 2019, 43: 229-243. doi:

10.1016/j.jmapro.2019.05.006.

15.Xu J., Ji M., Chen M., and EI Mansori M., Experi-
mental investigation on drilling machinability and
hole quality of CFRP/Ti6Al4V stacks under differ-
ent cooling conditions, International Journal of Ad-
vanced Manufacturing Technology, 2020, 109(5-6),
1527-1539, doi: 10.1007/s00170-020-05742-8.

16. Singh H., Sharma V. S., Singh S., and Dogra M.,
Nanofluids assisted environmental friendly lubri-
cating strategies for the surface grinding of tita-
nium alloy: Ti6Al4V-ELI, Journal of Manufactur-
ing Processes, 39:241-249, 2019. doi: 10.1016/j.
jmapro.2019.02.004.

17.Pimenov D. Y., et al., Improvement of machinabil-
ity of Ti and its alloys using cooling-lubrication
techniques: A review and future prospect, Journal
of Materials Research and Technology, 2021, doi:
10.1016/j.jmrt.2021.01.031.

18. Leksycki K., et al., Corrosion resistance and surface
bioactivity of ti6al4v alloy after finish turning un-
der ecological cutting conditions, Materials, 2021,
14(22). doi: 10.3390/ma14226917.

19. Venkata Ramana M., Optimization and influence of
process parameters on surface roughness in turning
of titanium alloy under different lubricant condi-
tions, Materials Today: Proceedings, 2017, 49(8),
8328-8335. doi: 10.1016/j.matpr.2017.07.176.

20. Leksycki K., Feldshtein E., Maruda R. W., Khanna N.,
Krolezyk G. M., and Pruncu C. L., An insight into the
effect surface morphology, processing, and lubricating
conditions on tribological properties of Ti6Al4V and
UHMWPE pairs, Tribology International, 2022, 170,
1-10. doi: 10.1016/j.triboint.2022.107504.

21. Leksycki K. et al., Evaluation of tribological inter-
actions and machinability of Ti6Al4V alloy during
finish turning under different cooling conditions,
Tribology International, 2023, 189. doi: 10.1016/j.
triboint.2023.109002.

22.Nandgaonkar S., Gupta T. V. K., and Joshi S., Effect
of water oil mist spray (WOMS) cooling on drill-
ing of Ti6Al4V alloy using ester oil based cutting
fluid, Procedia Manufacturing, 2016, 6:71-79. doi:
10.1016/j.promfg.2016.11.010.

23.Lindvall R., Lenrick F., Persson H., M’Saoubi R.,
Stahl J. E., and Bushlya V., Performance and wear
mechanisms of PCD and pcBN cutting tools dur-
ing machining titanium alloy Ti6 Al4V, Wear, 2020,
454-455:203329. doi: 10.1016/j.wear.2020.203329.

24.NamJ.,KimJ. W.,,KimJ.S.,Lee J.,and Lee S. W.,
Parametric analysis and optimization of nanofluid
minimum quantity lubrication micro-drilling pro-
cess for titanium alloy (Ti-6Al-4V) using response
surface methodology and desirability function,
Procedia Manufacturing, 2018, 26: 403—414. doi:
10.1016/j.promfg.2018.07.048.

87



Advances in Science and Technology Research Journal 2024, 18(1), 76—88

25.Sirin S. and Kivak T., Effects of hybrid nanoflu-
ids on machining performance in MQL-milling of
Inconel X-750 superalloy, Journal of Manufactur-
ing Processes, 2021, 70: 163-176. doi: 10.1016/j.
jmapro.2021.08.038.

26. Singh R., Progress of environment friendly cutting
fluids/solid lubricants in turning-A review, Materi-
als Today: Proceedings, 2020, 37:3577-3580, doi:
10.1016/j.matpr.2020.09.585.

27.Maruda R. W. et al., Evaluation of tool wear dur-
ing turning of Ti6Al4V alloy applying MQL tech-
nique with Cu nanoparticles diversified in terms
of size, Wear, 2023, 532-533. doi: 10.1016/j.
wear.2023.205111.

28.YiS., LilJ.,ZhuJ., Wang X., Mo J., and Ding S., In-
vestigation of machining Ti-6Al-4V with graphene
oxide nanofluids: Tool wear, cutting forces and cut-
ting vibration, Journal of Manufacturing Processes,
vol. 49, no. July 2019, 35-49, 2020. doi: 10.1016/j.
jmapro.2019.09.038.

29. Anandan V., Naresh Babu M., Vetrivel Sezhian
M., Yildirim C. V., and Dinesh Babu M., Influence
of graphene nanofluid on various environmental
factors during turning of M42 steel, Journal of
Manufacturing Processes, 2021, 68: 90-103, doi:
10.1016/j.jmapro.2021.07.019.

30. Makhesana M. A., Patel K. M, and Khanna N., Anal-
ysis of vegetable oil-based nano-lubricant technique
for improving machinability of Inconel 690, Jour-
nal of Manufacturing Processes, 2022, 77:708-721,
doi: 10.1016/j.jmapro.2022.03.060.

31. Zhang G., et al. Effect of SiC nanofluid minimum
quantity lubrication on the performance of the
ceramic tool in cutting hardened steel, Journal of
Manufacturing Processes, 2022, 84:539-554. doi:
10.1016/j.jmapro.2022.10.033.

32. TeoJ.J.,OluguE. U, Yeap S. P., Abdelrhman A. M, and
AjaO. C., Turning of Inconel 718 using Nano-Particle
based vegetable oils, Materials Today: Proceedings,
2020, 48: 866-870. doi: 10.1016/j.matpr.2021.02.480.

33.Khanafer K.and Vafai K., Analysis of turbulent
two-phase flow and heat transfer using nano-
fluid, International Communications in Heat and
Mass Transfer, 2021, 124: 105219. doi: 10.1016/j.
icheatmasstransfer.2021.105219.

34. Tiwari S., Amarnath M., and Gupta M. K., Synthe-
sis, characterization, and application of Al,O,/coco-
nut oil-based nanofluids in sustainable machining of
AISI 1040 steel, Journal of Molecular Liquids, 2023,
386:122465. doi: 10.1016/j.molliq.2023.122465.

35. Sharma A. K., Singh R. K., DixitA. R., and Tiwari A.
K., Characterization and experimental investigation
of Al,O, nanoparticle based cutting fluid in turning
of AISI 1040 steel under minimum quantity lubrica-
tion (MQL), Materials Today: Proceedings, 2016,
3(6), 1899-1906. doi: 10.1016/j.matpr.2016.04.090.

88

36.Pal A., Chatha S. S., and Sidhu H. S., Performance
evaluation of the minimum quantity lubrication
with ALO,- mixed vegetable-oil-based cutting fluid
in drilling of AISI 321 stainless steel, Journal of
Manufacturing Processes, 2021, 66:238-249. doi:
10.1016/j.jmapro.2021.04.024.

37. Venkatesan K., Devendiran S., Ghazaly N. M.,
Rahul R., and Mughilan T., Optimization of cut-
ting parameters on turning of incoloy 800H using
A|203 nanofluid in coconut oil, Procedia Manu-
facturing, 30:268-275, 2019. doi: 10.1016/j.
promfg.2019.02.039.

38. Yildirim C. V., Sarikaya M., Kivak T., and Sirin
S., The effect of addition of hBN nanoparticles to
nanofluid-MQL on tool wear patterns, tool life,
roughness and temperature in turning of Ni-based
Inconel 625, Tribology International, 134:443—456,
2019. doi: 10.1016/j.triboint.2019.02.027.

39. Song X., Takahashi Y., He W., and Thara T., Study
on the protective effect of built-up layer in dry
cutting of stainless steel SUS304, Precision En-
gineering, 2020, 65: 138-148. doi: 10.1016/j.
precisioneng.2020.05.010.

40. Kumar Sharma A., Kumar Tiwari A., Rai Dixit A.,
and Kumar Singh R., Measurement of machining
forces and surface roughness in turning of AISI 304
steel using alumina-MWCNT hybrid nanoparticles
enriched cutting fluid, Measurement: Journal of the
International Measurement Confederation, 2020, 150:
107078. doi: 10.1016/j.measurement.2019.107078.

41. Vasu V. and Pradeep Kumar Reddy G., Effect of
minimum quantity lubrication with AL,O, nanopar-
ticles on surface roughness, tool wear and tem-
perature dissipation in machining Inconel 600
alloy, Proceedings of the Institution of Mechani-
cal Engineers Part N Journal of Nanoengineer-
ing and Nanosystems, 2011, 225(1), 3-16. doi:
10.1177/1740349911427520.

42. Venkatesan K., Mathew A. T., Devendiran S., Ghaza-
ly N. M., Sanjith S., and Raghul R., “Machinability
study and multi-response optimization of cutting Sur-
face roughness and tool wear on optimization CNC
turned Inconel Machinability study and of cutting in
Coconut superalloy using Al 2 O 3 Nanofluids and
tool wear on CNC turned Inconel in Coc, Machin-
ability study and multi-response optimization of cut-
ting force, Surface roughness and tool wear on CNC
turned Inconel 617 superalloy using AL O, Nanofiu-
ids in Coconut oil, Procedia Manufacturing, 2019, 30:
396-403. doi: 10.1016/j.promfg.2019.02.055.

43.Pal A., Chatha S. S., and. Sidhu H. S, Experimental
investigation on the performance of MQL drilling
of AISI 321 stainless steel using nano-graphene en-
hanced vegetable-oil-based cutting fluid, Tribology
International, 2020, 151: 106508. doi: 10.1016/j.
triboint.2020.106508.





