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Abstract
The application of micro-mechanical cutting operations, such as micro-drilling, is crucial for producing microsystem compo-
nents. In the production of jet engine parts, Inconel 718 superalloy has been used to produce these components due to its high
performance at high temperatures. Due to the low thermal conductivity and the high work hardening tendencies of Inconel 718, a
high amount of the cutting temperature dissipates toward the cutting tool instead of the chip. When using micro-scale drilling
(micro-drilling), heat dissipation becomes more challenging. This affects the tool life and the machined surface quality; therefore,
when machining these alloys, a cutting fluid is required to decrease the high amounts of generated heat. Flood coolant is
commonly used to reduce the cutting temperature; however, government regulations have been published for alternative cooling
processes to decrease the influences of flood coolant on the environment and the operator’s health. Minimum quantity lubrication
(MQL) has been used as an alternative to conventional cutting fluids because it minimizes the consumption of cooling lubricants
and reduces the environmental and health impacts; however, pure MQL cooling has an ineffective cooling ability. In order to
enhance thermal conductivity, viscosity, and wettability of the MQL base fluid, an MQL-nanofluid was used. This study
investigated the performance of a micro-drilling process using an MQL-nanofluid with regard to thrust forces, tool wear, and
burr formation, and compared it to flood cooling and a pure MQL. Micro-drilling experiments involving Inconel 718 were
conducted using the same cutting parameters, drilling tool, and machining environment for both the MQL and the flood coolant.
The results revealed that the MQL-nanofluid approach was promising in terms of machining outputs as well as sustainability.
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1 Introduction

The implementation of micro-mechanical cutting operations
like micro-drilling is important for producing microsystem
components. In the aviation industry, these components need
to be produced from high-performance materials such as
Inconel 718 superalloy. This nickel-based alloy makes up

50% of an aircraft engine, including the blades, sheets, and
discs. This is due to its outstanding properties, such as good
heat resistance and the ability to retain strength at high tem-
peratures [1]. However, the drilling operation of Inconel 718
superalloy is challenging because of the alloy’s conductivity
property and the high precision requirements of the aviation
industry. Because of the low thermal conductivity of the alloy,
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most of the heat caused by the machining process is dissipated
by the cutting tool and the coolant (cutting fluid). When using
micro-scale drilling (micro-drilling), heat dissipation becomes
more challenging, particularly in parts produced from Inconel
718 superalloy [2, 3]. Strain hardening is another challenge
during the machining of Inconel 718 due to the presence of
elements such as niobium and molybdenum in the alloy [4].

This study investigated using an environmentally friendly
cooling/lubrication approach (MQL-nanofluid) during the
micro-drilling of Inconel 718 superalloy. Micro-drilling is a
micro-machining process which makes holes using drills with
diameters smaller than 1 mm [5, 6]. The diameter of the dril-
ling tool is small, and cooling issues can cause wear and tear
or even tool damage. These micro-scale holes are created by
micro-drilling methods such as mechanical micro-drilling,
electrical discharge machining (EDM), laser drilling, and elec-
trochemical machining (ECM).Mechanical micro-drilling is a
conventional micro-machining process [7].

Numerous researchers have investigated the micro-drilling
of Inconel 718 using non-conventional micro-drilling tech-
niques because of their accuracy [8–11]. However, these tech-
niques often encounter issues in terms of costs, setting assis-
tance equipment parameters, ability to machine only conduc-
tive materials (such as in EDM), instability, tool wear and low
material removal rate [12]. In comparison, only mechanical
parameters (e.g., cutting speed and feed) need to be considered
in mechanical micro-drilling. In this work, micro-drilling ex-
periments for Inconel 718 superalloy were thus performed by
using mechanical micro-drilling.

Much of the literature has revealed that the machining of
Inconel 718 superalloy is associated with unsatisfactory surface
finish quality and excessive tool wear due to the high cutting
temperature [13–15]; therefore, the application of a cutting fluid
is required during machining operations to reduce the induced
cutting heat in the shear zone, and to deliver cutting fluid at the
tool-workpiece interface to preserve the cutting tool. Flood
cooling is the most common cooling approach, but this approach
is expensive because it uses a large amount of coolant. Also,
health problems can arise when flood coolant is mishandled
during use, storage, or disposal. Other health risks occur if bac-
teria grow in the flood coolant over a period of time and if metal
debris contaminates the machine coolant [16, 17]. The econom-
ic, environmental, and human health problems associated with
flood machining have prompted scholars to investigate tech-
niques to reduce the amount of cutting fluids used in machining.

An interesting technology that is being increasingly
employed in metal removal processes is minimum quantity
lubrication (MQL). It is also known as near-dry machining
(NDM) or micro-lubrication [18, 19]. In the implementation
of cutting fluids, the MQL technique is considered to be a
sustainable and clean cooling/lubrication technique because
it minimizes the consumption of the cutting fluid and reduces
impacts on operator health and the environment [20–24].

Much research has been done on the effects of the MQL
method on machining efficiency. Bhowmick et al. [25] inves-
tigated the impacts of MQL cooling on the micro-drilling
performance of magnesium alloys compared to dry machin-
ing. They found that MQL provided a significant contribution
to decreasing the tool wear, thrust force, and torque compared
to dry machining. Percin et al. [5] studied the effects of cutting
parameters and different cooling/lubrication techniques (dry,
flood, MQL, and cryogenic) on the micro-drilling of Ti-6Al-
4Valloy. The cryogenic cooling approach showed the highest
thrust force, while the MQL approach provided the highest
engagement torque amplitude compared to the other cooling
methods. They also reported that using different cooling con-
ditions did not considerably influence the burr formation.
Nam and Lee [26] also found that MQL minimized the thrust
forces and drilling torques when performing micro-drilling of
titanium alloy. Aslantas et al. [27] investigated the effects of
using different cooling/lubrication approaches (dry, MQL,
ethanol, and oil-water emulsion) on tool wear, surface quality,
and burr formation inmicro-milling of Inconel 718 superalloy.
They reported that, among these cooling techniques, MQL
cooling and dry cutting provided the best surface quality.
The MQL approach also showed the lowest burr height com-
pared to the other cooling/lubrication approaches.

Sun et al. [28] found that MQL machining enhanced the
tool life by 50% and 80% compared to flood coolant and dry
machining respectively. They also concluded that this reduc-
tion in cutting force was caused by the better lubrication ef-
fects of the MQL approach. Other studies have investigated
novel implementations in the MQL approach to achieve more
effective machining. Vazquez et al. [29] applied MQL when
micro-milling Ti-6Al-4V alloy to enhance the surface quality
and dimensional accuracy of the machined micro-channel,
and to decrease the tool wear. The authors found that MQL
cooling significantly affected the dimensional accuracy.
Another study performed by Li et al. [30] investigated the
effectiveness of the MQL approach in near micro-milling
when compared to the dry condition. Experiments were con-
ducted using hot work die steel as a workpiece material with a
0.6-mm diameter end mill, and micro-scale milling. They
found that the use of MQL cooling noticeably extended the
tool life as well as enhanced the surface roughness and the
burr formation compared to the dry condition. Overall, all of
these studies suggested that the use of MQL provided prom-
ising machining outputs.

Although the MQL technique has shown promising lubri-
cating features, it has some problems such as clogging of
chips/debris and an inefficient cooling capacity compared to
the flood coolant, particularly when cutting difficult-to-cut
materials. Several researchers have attempted to use different
techniques to enhance the MQL’s cooling capacity. One of
these techniques is MQL-nanofluid (MQLNF). Nanofluids
are produced by dispersing nanoparticles into the MQL base

3460 Int J Adv Manuf Technol (2020) 107:3459–3469



fluid, which is typically oil or water. Nanoparticles are typi-
cally metals or metallic oxides. Various types of nanoparticles
with excellent properties, such as aluminum oxide (Al2O3),
carbon nanotubes (CNTs), TiO2, MoS2, C60, CuO, and dia-
mond, have been used to improve the thermal conductivity
and lubricity of an MQL coolant [31–33]. Nanoparticles have
remarkable properties, such as high thermal conductivity and
convection coefficients, which could improve the cooling and
lubricating properties of an MQL coolant. Furthermore, by
dispersing nanoparticles into the base fluid, the viscosity and
thermal conductivity of an MQL coolant is enhanced [34].
The homogeneous distribution of nanoparticles into the base
cutting fluid has been shown to be beneficial to the machining
process as it helps to decrease the friction induced at the
tool/chip interface [35].

Huang et al. [36] investigated the influence of adding
multi-walled carbon nanotube (MWCNT) nano-additives to
an MQL coolant during the grinding of NAK80 mold steel.
The study found that nanofluid enhanced the grinding perfor-
mance in terms of grinding temperature, surface roughness,
and grinding forces compared to dry machining and pure
MQL. Shen et al. [37] used water-based Al2O3 and diamond
nanofluid in the grinding process. They found that using
nanofluid reduced the grinding temperature and grinding force
and improved the surface roughness. More recently, Shakti
et al. [38] evaluated the machining performance of Inconel
718 experimentally using flood coolant, MQL, and MQL-
nanofluid. They found that MQL-nanofluid significantly re-
duced the tool wear and coefficients of friction. They also
reported that the use of MQL-nanofluid minimized the cutting
forces as a result of the tribological aspect of the nanoparticles.
Other studies have concentrated on the micro-machining pro-
cesses. Lee et al. [39] performed experiments with micro-
drilling on 7075-T6 aluminum alloy using nanofluid with both
Al2O3 nanoparticles and nanodiamond. They found that ap-
plying MQL-nanofluid decreased the cutting force and the
torque, and efficiently reduced the burr formation around the
drilled holes. This was also confirmed by Jung et al. [40] when
conducting micro-drilling experiments on aluminum using an
MQL-nanofluid. They found that using an appropriate amount
of nanofluid could reduce the machining force, tool wear, and
burr formation. Jung et al. [41] implemented the MQL-
nanofluid using nanodiamond particles to conduct the micro-
drilling process on titanium alloy. They observed that the
MQL-nanofluid increased the number of drilled holes, re-
duced the drilling torques and thrust forces, and reduced the
remaining chips and burrs. They also reported that the use of
MQL-nanofluid minimized the cutting forces due to the tribo-
logical aspect of the nanoparticles.

The above studies provide evidence that the MQL-nanofluid
approach can be an effective alternative sustainable cooling
strategy to conventional cutting fluid strategies. MQL-
nanofluid has not, however, been extensively studied for the

micro-drilling of Inconel 718 superalloy. Therefore, the current
study chose to explore the machining performance of MQL-
nanofluid in the mechanical micro-drilling of Inconel 718 super-
alloy in terms of thrust forces, tool wear, and burr formation, and
to compare it to pure MQL cooling and flood coolant.

2 Experimental methodology

2.1 Workpiece material

The micro-drilling experiments were performed on a square
plate of Inconel 718 superalloy with dimensions of 75 ×
75 mm and a thickness of 2.08 mm. The Inconel 718 superalloy
had been annealed at 1700–1850 °F. The workpiece material
plate was supplied by Rolled Alloys Canada. The chemical
composition and mechanical properties of the Inconel 718 su-
peralloy at room temperature are provided in Tables 1 and 2
respectively [42]. This alloy is used in airplane engine gas tur-
bine applications because of its properties, such as high perfor-
mance at elevated temperatures and corrosion resistance.

2.2 Micro-drilling test

Drilling experiments were conducted using a CNCHaas milling
machine. The tungsten carbide micro-drill is one of the most
popular micro-drill bits. It is usually used in mechanical
micro-drilling operations due to its outstanding mechanical
properties, such as high hardness, higher melting point, and high
wear resistance [43]. In this work, a solid tungsten carbide drill
bit of 0.9-mm diameter was used for the micro-machining trials.
This drill had a point angle of 140°. Additionally, this drill was
made such that the shank diameter of the drill bit was 3 mm and
had 2 flutes. In this study, the cutting speed was 5540 RPM and
the feed rate was 39.878 mm/min (1.57 in./min) as recommend-
ed by the tool supplier [44]. A peck depth of 0.1 mm was
employed in performing this micro-drilling process to improve
tool life. Furthermore, 5% TRIMMicroSol 690XT high-lubric-
ity, semi-synthetic, andmicro-emulsion oil was used as a cutting
fluid during the floodmicro-drilling tests. Also, an external min-
imum quantity lubrication (MQL) system was used during the
MQL micro-machining tests (Fig. 1). ECOLUBRIC E200 veg-
etable oil (rapeseed oil) was employed as a base cutting fluid of
MQL. This vegetable oil is confirmed as being environmentally
friendly and has a biodegradability of 90% over 28 days [45].
Compressed air was mixed with the base cutting fluid, which
was based in the nozzle. The mist was delivered to the drilling
zone with a base fluid volume flow rate of 60 ml/h and an air
pressure of 0.5MPa. TheMQLnozzle was located at 45 degrees
to ensure that the mist was delivered over the entire drilling
zone. A schematic diagram of the experimental setup is shown
in Fig. 1, and the experimental cutting conditions are shown in
Table 3. To prepare the MQL-nanofluid, aluminum oxide
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gamma nanoparticles (Al2O3) were used as nano-additives. This
type of nanoparticle was used due to its superior tribological
properties and antitoxic aspects. These nanoparticles are
18 nm in diameter, have a purity of 93%, and specific surface
area of 138 m2/g. The nanoparticles were dispersed into a veg-
etable oil with a fraction weight of 4 wt% as used in a previous
work [31]. An ultrasonic device was used for dispersing the
nanoparticles into the base fluid over a period of 3 h at 60 °C
(see Fig. 2). After that, a magnetic stirrer was employed to stir
for 30 min to confirm that the nanoparticles were fully dispersed
into the resultant nanofluid. Furthermore, to enhance the stability
of the resultant nanofluid and make it more hydrophilic, 0.2 mg
of sodium dodecyl sulfate was added as a surfactant. In the
current study, a standard procedure was regulated in order to
decrease any environmental concerns or hazards when applying
the MQL-nanofluid cooling. In addition, certain safety regula-
tions were followed during the experimentation phase to retain a
specific health and safety level in the lab to avoid any environ-
mental concerns or health hazards.

Three different cooling/lubrication techniques were applied
in this work: flood, MQL, and MQL-nanofluid. For each
micro-drilling experiment, 30 micro-holes were drilled in the
same workpiece for a total of 90 micro-holes drilled using
three different tungsten carbide drill bits. Furthermore, a scan-
ning electron microscope (SEM) and a high-resolution micro-
scope were used to investigate and analyze the burr formation
and tool flank wear. The maximum flank wear (VB) was de-
termined, as illustrated in Fig. 2, after drilling each set of five
holes. A dynamometer connected to the data acquisition sys-
temwas used to record the thrust and torque force components
generated during the micro-drilling of each hole (Fig. 3).

3 Results and discussion

This study performed micro-drilling on Inconel 718 superal-
loy to compare the effects of using flood, MQL, and MQL-
nanofluid on thrust forces, tool wear, and exit burr formation.
The results are discussed in the following sections.

3.1 Thrust forces

Figure 4 shows the measured drilling thrust forces with respect
to the drilling timewhen applyingMQL. The peaks on the thrust
force curve result from the peck drilling process that was acti-
vated during each drilling operation to preserve the drill tool.
The thrust force increased as the drill bit entered thematerial and
then stabilized during the drilling process. As the drill bit exited
the material, the force decreased steeply. The drilling thrust
forces were averaged per 30 holes and plotted. The average
thrust forces for all the micro-drilling experiments are presented
in Fig. 5. The average thrust forces when using flood coolant
were higher than those for pure MQL and MQL-nanofluid.
However, the use of MQL-nanofluid showed a lower average
thrust force compared to both flood and pure MQL. The lower
thrust forces in MQL-nanofluid cooling could be due to the
superior tribological aspects of nanoparticles where the spherical
nanoparticles act as a spacer between the margin edges of the
drilling tool and the inner surface of the drilled hole, thereby

Fig. 1 Experimental setup used for MQL micro-drilling

Table 1 Chemical composition of Inconel 718 [42]

Ni+Co Cr Cb+Ta Mo Ti Al Co C Mn Si P S B Cu Fe

Min. 50.0 17.0 4.75 2.8 0.65 0.2 – – – – – – – –

Max. 55.0 21.0 5.5 3.3 1.15 0.8 1.0 0.08 0.35 0.35 0.015 0.015 0.006 0.3 Balance

Table 2 Mechanical
properties of Inconel
718, Annealed1800 °F
condition [42]

Ultimate tensile strength, ksi 135

0.2% yield strength, ksi 70

Elongation, % 45

Hardness, Rockwell B 100
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reducing the friction (Fig. 6). Also, when applying the MQL-
nanofluid, the nanofluid mist might be able to easily penetrate
the tool-workmaterial interface and improve the lubrication, and
as a result to reduce the thrust force.

3.2 Tool wear

Inspecting small drills to evaluate the flank tool wear is a
challenge due to the micro-scale of the drill edge. Figure 7
shows the flank wear progression during the micro-drilling
process under the three cooling techniques (flood, MQL, and
MQL-nanofluid). For all cooling approaches, the flank wear
increased slightly as the number of drilled holes increased.
However, the flood coolant showed higher flank wear com-
pared to the pure MQL and MQL-nanofluid. High tool wear
progression on the flank face was observed when flood cool-
ant was used because flood coolant could not easily penetrate
the micro hole due to its small size and therefore could not
reduce the high temperature. Therefore, due to the friction and

high temperature, the flood coolant provided relatively higher
flank wear and tear on the flank face. On the other hand, the
MQL mist may be able to penetrate the small hole; while the
drilling operation was performed, the MQL penetrated the
drilled hole and formed a thin lubrication film between the
inner surface of the drilled hole and the tool. The lowest tool
wear observed with MQL-nanofluid compared to flood and
pureMQL can be attributed to the formation by nanofluid of a
tribo-film between the cutting tool and the inner drilled hole.
This tribo-film reduces the rubbing action as a result of the
rolling effect, thereby reducing the induced friction (Fig. 6). In
addition, adding nanoparticles to the MQL base fluid en-
hances the thermal conductivity of the MQL-nanofluid due
to the spherical shape, nano-size, and high thermal conductiv-
ity of the Al2O3 nanoparticles. Thus, the MQL-nanofluid was
more effective than pure MQL in reducing the cutting temper-
ature in the drilling zone.

Furthermore, there was indication of fracture variation on
the drilling tool edge for all three coolants. Fractures could be
due to the existence of high stress in the cutting zone.
Scanning electronic microscope (SEM) images of the drills
after drilling 30 holes in Inconel 718 alloy using the three
cooling strategies are shown in Figs. 8 and 9. In this study,
the condition of the drill flank face and the corner edge was
also investigated. The tool used in theMQL-nanofluid cooling
process showed less abrasion wear and less fractured edges
compared to the pure MQL and flood coolant after drilling 30
holes. Less outer corner wear was also noticed in the case of
MQL-nanofluid compared to flood and pure MQL (Fig. 8).
These results can be attributed (1) to the enhancement in ther-
mal conductivity of the base fluid in nanofluid after dispersal
of 4 wt% nanoparticles, which increases the heat dissipation
rate and (2) to the excellent tribological effect of nanoparticles,
which minimizes the friction and the rubbing between tool
and material surface. Figure 8 shows SEM images of the
micro-drilling tool after the drilled 30 holes involving threeFig. 2 Image of ultrasonic bath 1.9-L device used to achieve dispersion

Fig. 3 Flank wear measurements [46]

Table 3 Cutting conditions for micro-drilling of Inconel 718 superalloy

Machine CNC HAAS milling machine

Workpiece material Inconel 718 superalloy

Micro-drilling tool Coated tungsten carbide
(DB133-05-00.900A0-WJ30EL)

Cutting parameters Spindle speed, 5540 rpm,
and feed rate, 39.878 mm/min

Cooling strategies Flood coolant, pure MQL, MQL-nanofluid
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cooling approaches. The drill bit surface looks cleaner (less
adhered material) in case of flood andMQL-nanofluid cooling
compared to the drill bit surface after using the pure MQL.
This could be due to the reduced heat in flood and MQL-
nanofluid which prevent debris in the drilled hole from adher-
ing to the hot tool.

In terms of corner edge, excessive damage in the tool corner
was observed in the case of flood cooling compared to pure
MQL and MQL-nanofluid as shown in Fig. 8. The use of
MQL-nanofluid showed the lowest corner edge damage. This
is most probably because of the ball bearing effect of the nano-
particles, which decreases the rubbing action between the cut-
ting tool edge and the inner surface of the drilled hole, thereby
reducing the friction. According to Nam [26], the weight con-
centration of 0.4 wt% nanoparticles in nanofluid, as used in this
study, should be sufficient for activating the rolling effect.

The degree of adhered material from the workpiece to the
chisel edge and drill margin side was also investigated as shown
in Fig. 9. Some chips adhered to the drill in the case of using pure
MQL due to its inefficient cooling ability. This reveals that high
temperature promotes adherence of small debris. Meanwhile, in
the case of using MQL-nanofluid, chip adhesion and abrasion
wear on the chisel edge were considerably reduced when com-
pared to the flood and pure MQL. However, a small built-up
edge (BUE) was observed in the case of using pure MQL and
MQL-nanofluid. The formation of BUE is most likely due to the
chemical reactivity of such superalloy. Furthermore, the cutting
temperature is relatively high when using pure MQL andMQL-
nanofluid compared to flood coolant. When the temperature of
the removed chips or debris is very high, it promotes to adhere to
cutting edge. The BUE is not permanently situated on the drill
cutting edge but periodically becomes detached. Overall, the
application of MQL-nanofluid reduced the wear and fractures
on both the chisel and margin sides after drilling 30 holes com-
pared to flood and pure MQL.

Fig. 4 Thrust force measurement
using MQL cooling

Fig. 5 Comparison between the average thrust forces under the three
cooling strategies Fig. 6 Schematic of nanofluid mist mechanisms in the drilling zone
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Fig. 8 SEM images of the tool
flank wear after drilling 30 holes
under the conditions of flood
coolant, MQL, and MQL-
nanofluid

Fig. 7 Flank wear progression
using flood and MQL cooling
during the drilling of 30 holes
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3.3 Burr formation

Figure 10 shows the SEM images of the fifth drilled hole
illustrating the diameter of the exit burr in the three cooling
techniques. The resultant effects of the three lubrication
methods on the drilled holes precision were determined
through dimensional measurements of the exit burr forma-
tion. When using MQL and MQL-nanofluid, burrs cut

around the circumference of the drilled hole and the circu-
larity errors were small compared to using flood coolant, as
seen in Fig. 10. This is most likely due to the deficiency in
cooling ability when using flood cooling, as the cutting
fluid is unable to enter the nano-drilled hole. On the other
hand, the MQL mist is able to penetrate the drilled hole to
reduce the rubbing between the tool and the inner surfaces,
thereby reducing the cutting heat.

Fig. 9 SEM images of the tool tip
wear after drilling 30 holes under
the conditions of flood coolant,
MQL, and MQL-nanofluid

Fig. 10 SEM picture of burr formation using a flood, b pure MQL, and c MQL-nanofluid
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Figures 11, 12, and 13 show the burr height measure-
ments in all three cooling strategies. Flood cooling pro-
vided the largest burr height. MQL-nanofluid showed
the lowest burr height (200 μm), followed by pure
MQL (208 μm), then the flood coolant (241 μm). The
burr height was reduced by using the MQL-nanofluid
approach because the nanoparticles have the advantage
of activating the rolling ball bearing effect between the
tool and work material. Also, the edge tool has indirect
effect on the drilled hole quality. The tool edge was
sharper and better when using the MQL-nanofluid than
when using pure MQL and flood coolant; as a result,
the chips were cut better. Although the measurements of
the burr width were not determined in this paper, it can
be seen from the SEM images that the burr width using
flood coolant was larger and more irregular. It can be
concluded that the accuracy was significantly affected
by the lubricant technique being used. The use of
MQL-nanofluid improved the accuracy of drilled holes
by reducing both circularity errors and burr height.

3.3.1 Deburr

Exit burr formation was observed in all trials; Section 3.3 was
focused on exit burr formation because it needs a costly re-
moving process (deburr process). Numerous companies re-
move burrs produced during the drilling process by using
traditional methods, such as special brushes, tumbling, and
vibratory deburring. The deburring process adds further steps
to the entire manufacturing operation as well as additional
labor costs. The deburring step can take minutes or hours
depending on the type of material being drilled and the
deburring method that is used. Eliminating this step in the
manufacturing process would thus save a significant amount
of time and money. Burrs with more height can impact the
enclosure’s longevity, functionality, effectiveness, and safety
[47], so sometimes it is necessary to perform the deburring
process to achieve the desired product. The use of the MQL-
nanofluid decreased the need to perform the deburring opera-
tion when compared to pure MQL and flood coolant because
the MQL-nanofluid resulted in the lowest burr height.

Fig. 11 The height of exit burr using flood coolant

Fig. 12 The height of exit burr using pure MQL
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4 Conclusions

In this work, an experimental evaluation of the machinability
of Inconel 718 superalloy in the MQL-nanofluid micro-dril-
ling process was made using Al2O3 nanoparticles. The results
revealed that using MQL-nanofluid reduced the thrust forces
compared to the pure MQL and flood coolant. It was shown
that by using MQL-nanofluid when performing micro-drilling
operations on Inconel 718 superalloy, there was a reduction in
the flank wear, the outer corner damage, and the unexpected
breaking of the micro-drilling tool. MQL-nanofluids with
Al2O3 can penetrate the drilling zone more efficiently,
allowing the nanoparticles to create a ball bearing effect be-
tween the tool and the material that could significantly reduce
the friction and the thrust forces. In addition, the results indi-
cated that the use of MQL-nanofluid improved the micro-
drilling hole quality and decreased the burr formation. By
applying this lubrication technique to Inconel 718 micro-dril-
ling, burrs around the drilled holes were considerably reduced.
The use of MQL-nanofluid improved the accuracy of drilled
holes by reducing both circularity errors and burr height. This
was due to the use of nanofluid, which enhanced the tribolog-
ical and lubrication effects. It can be concluded that the MQL-
nanofluid approach is promising in terms of machining out-
puts and sustainability.
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