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Abstract: Difficult-to-cut materials have been widely employed in many engineering applications,
including automotive and aeronautical designs because of their effective properties. However,
other characteristics; for example, high hardness and low thermal conductivity has negatively
affected the induced surface quality and tool life, and consequently the overall machinability of such
materials. Inconel 718, is widely used in many industries including aerospace; however, the high
temperature generated during machining is negatively affecting its machinability. Flood cooling
is a commonly used remedy to improve machinability problems; however, government regulation
has called for further alternatives to reduce the environmental and health impacts of flood cooling.
This work aimed to investigate the influence of dispersed multi-wall carbon nanotubes (MWCNTs)
and aluminum oxide (Al2O3) gamma nanoparticles, on enhancing the minimum quantity lubrication
(MQL) technique cooling and lubrication capabilities during turning of Inconel 718. Machining
tests were conducted, the generated surfaces were examined, and the energy consumption data
were recorded. The study was conducted under different design variables including cutting speed,
percentage of added nano-additives (wt.%), and feed velocity. The study revealed that the nano-fluids
usage, generally improved the machining performance when cutting Inconel 718. In addition,
it was shown that the nanotubes additives provided better improvements than Al2O3 nanoparticles.

Keywords: Inconel 718; minimum quantity lubrication; nano-fluid; surface roughness;
energy consumption

1. Introduction

Nickel based alloys have unique properties, such as high erosion resistivity, high melting
temperature, and high capability to resist thermal fatigue and shock. During cutting of nickel-based
alloys, the low heat conductivity prevents an efficient disposal of the heat generated through the
workpiece and chips, which leads to high temperature that negatively affects the tool performance [1,2].
It has been shown that the increase in the cutting temperature over 650 ◦C, leads to low surface quality,
excessive tool wear, microstructure change, and variations in the micro-hardness [3,4]. Another
challenge is the strain hardening when cutting nickel-based alloys because, of the existence of some
elements in the material such as molybdenum and niobium. Generally, it has been shown that
machining of nickel alloys is related with insufficient surface integrity characteristics, and poor tool
wear behavior [5–7]. The two main reasons for employing a cutting fluid during machining are to
decrease the induced cutting temperature in shear zones and deliver a lubrication to reduce the friction
in the tool-workpiece interface area. Various studies showed that minimum quantity lubricant (MQL) is
a potential alternative to flood cooling that minimizes the cutting fluid amount delivered to the cutting
interface area [8,9]. However, MQL is not an efficient replacement of flood coolant, particularly when
cutting titanium and Inconel. One way to improve the cooling and lubricant functions of MQL is using
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nano-fluids, which enhance the base fluid thermal, and wettability aspects [7–10]. Carbon nanotubes
(CNTs) and aluminum oxide (Al2O3) gamma nanoparticle, are among the nano-additives that have
superior properties. The diameters of these nano-additives, vary from a few nano-meters to hundreds
of nano-meters, and CNTs length ranges between tens of nanometers to several centimeters [11].
With a remarkable combination of mechanical properties and an acceptable price, along with superior
properties including excellent thermal conductivity, and high strength and stiffness [12]; this makes
the proposed nano-fluid a good alternative. These properties provide the resultant nano-fluid the
ability to withstand the high-generated temperature during the machining of difficult-to-cut materials.
In addition, they would enhance the nano-fluid tribological functions as the applied nano-additives
work as spacers in the workpiece-tool interface area, to reduce the induced friction during machining
processes. The superior properties of the used nano-fluids, help in dissipating the excessive generated
heat when machining such difficult-to-cut materials, and that would improve the tool life, enhance
the surface quality, and reduce the generated energy consumption. Nano-cutting fluids technology,
has been used in previous studies to enhance the machining process performance, for example,
micro-drilling of aluminum 6061 [13] sing nano-diamond particles; micro-grinding of tool steel using
aluminum oxide-nano-particles [14]; and micro-end-milling of Ti-6Al-4V using MQL-nano-fluid with
chilly CO2 gas [15]. In addition, previous studies obtained better results when using MQL-nano-fluid
compared to the classical MQL; for example, better surface quality [16] and flank wear [17] results
were noticed when machining Ti-6Al-4V using MWCNTs-MQL. Furthermore, MWCNTs-MQL showed
improvements in the tool wear behavior when turning Inconel 718 [18]. Moreover, lower cutting forces
and better surface quality were noticed when turning EN 31, using MWCNTs-MQL [19]. However,
only a few studies have examined their effects on different machining operations. The novelty here,
focuses on improving the MQL potential to dissipate heat using MQL nano-mist, to environmentally
enhance the Inconel 718 machinability. In addition, reviewing the open literature has shown that there
is no-previous attempt in using MQL-MWCNTs-nano-fluid in enhancing the machinability of Inconel
718. This work aimed to explore the influence of dispersed multi-walled carbon nanotubes (MWCNTs)
and aluminum Oxide (Al2O3) gamma nanoparticles, into vegetable oil using the minimum quantity
lubrication (MQL) approach when machining Inconel 718. The selection of these nano-additives
types, is mainly related to their superior cooling and lubrication characteristics, which would improve
the resultant nano-fluid, and the tribological and heat transfer properties. The proposed hybrid
strategy is an environment friendly alternative to the traditional flood coolant with synthetic oils.
Our investigations included power consumed during the cutting process, and surface quality.

2. Experimentation and Methodology

To understand and analyze, the influence of dispersed MWCNTs and Al2O3 nanoparticles on
the MQL performance, different cutting tests were done with different levels of cutting feed rate,
weight percentages of added nano-additives (i.e., MWCNTs or Al2O3 nanoparticles), and cutting
speed. Bar turning experiments were done using a CNC lathe machine (Hass ST-10 CNC). Inconel 718
(ASTM SB 637) was utilized as the used workpiece. The depth of cut was 0.2 mm, the cutting length
was 50 mm, and the information of the used cutting insert, is listed in Table 1. The air-oil mixture was
supplied by a stand-alone booster system (Eco-Lubric), which was installed on the machine tool with
a nominal fluid flow rate of 40 mL/h, whilst the applied compressed air had a pressure of 0.5 MPa.
During the experimentation phase, the used base cutting fluid was ECOLUBRIC E200 (vegetable
oil), which provides less abrasive effects on the environment. The position and the angle of the
MQL nozzle, were adjusted by experimental observation to avoid being blocked by chips. However,
more investigations are still required to study the influence of other MQL variables (e.g., nozzle angle,
distance, and flow rate). To ensure that the tool was not worn, the flank wear was measured after each
cutting test, whilst the maximum allowable flank wear was 0.3 mm. In this work, the flank wear was
used to evaluate and assess the tool performance, as it is considered as one of the significant wear
modes when machining nickel-based alloys [20,21]. In addition, the cutting tests were repeated three
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times for each run to ensure reliable results. A sensitivity analysis of cutting performance results was
employed to select the cutting conditions values, for cutting speed and feed rate levels. During the
experimentation phase, multi-walled carbon nanotubes (MWCNTs) that had 94% purity, 10–30 µm
length, 12–20 nm average diameter, and 110 m2/g specific surface area were employed for nano-cutting
fluid preparations. Furthermore, it should be stated that nano-additives dispersion into vegetable oil
is a significant issue, which influences the thermal, rheological, and heat transfer characteristics of the
proposed nano-fluid (e.g., thermal conductivity and viscosity). On the other hand, Al2O3 nano-powder
properties were; 20 nm size, 95% purity, and 138 m2/g specific surface area. An ultrasonic device
(AQUASONIC-50HT) was used to disperse the nano-additives into the cutting oil over a period of 3 h
at 60 ◦C, and then a magnetic stirrer (Hot Plate Stirrer-3073-21) was used for the stirring step for 30 min
to confirm fully, dispersion of used nano-additives into the base cutting fluid. In addition, sodium
dodecyl sulfate (surfactant) of 0.2 gm was employed in preparing the nano-fluid. The surfactant’s main
function was to enhance the stability of the resultant nano-fluid to be more hydrophilic, and to increase
the nano-additives surface charges; therefore, the repulsive forces between the nano-additives were
increased as previously illustrated in references [22,23]. After each cutting test, surface roughness (Ra),
and energy consumption data were collected. Surface roughness tester (Mitutoyo SJ.201) was used
to measure the average surface roughness (Ra) after each cutting pass. The used cut-off length was
0.8 mm. After each cutting test, the surface roughness tester was used in five random regions along
the machined surface, and the average value was considered. Additionally, a power-sight manager
device was used to record the resultant power consumption after each cutting pass. The experimental
setup view, is provided in Figure 1.

Table 1. The cutting tool information during machining of Inconel 718.

Inconel 718 Cutting Processes

Cutting insert CNMG 432MMH13A (ANSI)

Tool holder KENNAMETAL MCLNL-164DNC5, clearance angle 0◦ and rake angle −5◦,
nose radius of 0.793 mm (Honed edge)

Figure 1. Schematic of the experimentation phase.

In this work, three design variables (i.e., cutting speed, cutting feed, and added nano-additives
percentage) were used at three levels each. Table 2, indicates the design variables to be studied and their
corresponding levels, for both used nano-additives (i.e., Al2O3 and MWCNTs). L9 orthogonal array
(L9OA) based on the Taguchi method was implemented in experiments, as described in reference [24].
L9OA had 9 rows corresponding to the number of tests (degrees of freedom equal to 8). Tests were
replicated three times and average response values were calculated. The full factorial array in this
work was L27OA (33); however, fractional factorial array L9OA based on the design of experiments
approach was implemented to save time and costs.
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Table 2. L9OA used in experimentation plan.

Cutting Test No. Cutting Speed
(m/min)

Feed Rate
(mm/rev)

Added Nano-Additives
(wt.%)

1 30 0.2 0
2 30 0.3 2
3 30 0.4 4
4 40 0.2 2
5 40 0.3 4
6 40 0.4 0
7 50 0.2 4
8 50 0.3 0
9 50 0.4 2

3. Results and Discussions

The average surface roughness results when using the two types of nano-additives, are shown in
Figure 2. Both types of nano-fluid showed improvement in machined surface quality; however, cutting
tests 3 and 9 did not show significant improvements compared to other cutting tests performed using
nano-additives, which is attributed to the higher value of feed (0.4 mm/rev) used in these two tests.
Best surface quality was obtained after test 4 when using 2 wt.% MWCNTs nano-fluid. When 4 wt.%
of added Al2O3 nano-particles was applied, it was found that cutting test 7 offered the better surface
quality. A comparison between the two types of nano-additives revealed that MQL-MWCNTs provided
better performance in enhancing the surface quality; however, both cases (i.e., MWCNTs and Al2O3)
provided almost the same performance as cutting test 7. The results revealed that the cooling and
lubrication characteristics of nanofluids, improve the lubrication and wetting characteristics at the rake
and flank regions, and accordingly provide better heat dissipation as has been discussed in a previous
study [25]. Thus, better average surface roughness values were noticed compared to the cutting tests
done without any nano-additives, and these findings confirm the effectiveness of nano-fluids usage
in improving the cutting processes performance, as discussed in some previous studies [22,26,27].
Additionally, it should be stated that the lowest feed rate offers the optimal level in terms of the induced
surface roughness, while no significant effect has been noticed for the cutting speed. Furthermore,
due to the increasing of nano-additive concentration, which increases the number of nano-additives at
the tool-workpiece interface; these nano-additives perform a vital role as spacers, decreasing the contact
between the tool and workpiece. Consequently, the frictional behavior is improved, and the surface
roughness is decreased. Figure 3, shows the energy consumption results when using MWCNTs and
Al2O3 nano-fluids. The lowest energy consumption was demonstrated at cutting test 2 when MWCNTs
were used, and test 3 for the case of Al2O3 nano-particles. In general, lower energy consumption was
observed when MWCNTs were used except cutting test 3 which showed lower energy consumption
of about 2% when Al2O3 nano-fluid was used. The change in the energy consumption when using
nano-additives, is mainly due to improvements in the progression of tool wear due to, improvements
in the cooling effectiveness, which led to a decrease in the tool material thermal softening [23,28–31].
In addition, the chips flow during machining Inconel 718 takes place within the workpiece (not at the
tool-workpiece interface) because of the high induced friction, and hence high cutting force is required.
Regarding the optimal levels, the lowest cutting velocity offers the optimal level in terms of the energy,
while no significant effect has been noticed for the feed rate. Application of MQL-nano-fluid to the
tool-chip interface zone is an effective lubrication technique, as the applied nano-additives play as
rollers to improve the frictional behavior, and consequently the nano-additives rolling effect decreases
the energy consumption.
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Figure 2. Average surface roughness results.

Figure 3. Energy consumption results.

There is no clear physical evidence in the open literature proving that MWCNTs nano-fluid offers
better tribological properties than Al2O3; however, based on current research results, it is claimed that
MWCNTs based nano-fluid could offer better performance than Al2O3 as a lubricant. Thus, studying
and understanding the nano-cutting fluids frictional and heat transfer functions is highly required,
and is currently under investigation. It is an important aspect to understand the MQL nano-fluid
mechanism. The technique schematic, is shown in Figure 4. It can be concluded that the proposed
nano-fluids are atomized using the MQL device, under employment of a certain amount of compressed
air. Consequently, a fine mist, walled with a vegetable oil layer is formed (see Figure 4) [16–18,32,33].
This mist is capable of penetrating into the tool-workpiece interfere area and creating a tribofilm which
has a significant role in reducing the generated cutting heat, as well as decreasing the coefficient
of friction. Accordingly, these improvements significantly enhance the cooling and lubrication
functions, and maintain the tool hardness for a longer period. Thus, the MQL-nano-fluid showed
better performance in terms of tool wear behavior, compared to other cutting tests done using pure
MQL without any added nano-additives.
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Figure 4. The MQL-nano cutting fluid mechanism (rolling effect) [16–18].

Finally, it should be stated that nano-fluids usage when employing flood coolant can be
an environmental concern; however, when using the MQL technique, an optimal amount of oil
was used and it resulted in a very fine mist where a certain procedure was followed to eliminate any
concern of using the nano-additives. In addition, during the experimentation phase, certain safety
procedures (i.e., standard nano-additives safety data sheets), were applied to maintain a standard
health and safety level in the workshop to avoid any harmful impacts to the machine operator.
Regarding the disposal method, the nano-fluids were carefully filtered before being released in to the
sewer according to a standard material safety data sheet [34]. In addition, a standard ventilator was
employed in the workspace area to absorb the resultant nano-mist in the surrounding air.

4. Conclusions

In this work, two nanofluids (MWCNTs and Al2O3) were employed during machining of Inconel
718 to study their influence on the machinability when MQL technology was used. This research
addressed the research gap in the literature, which relates to investigation of MQL-nano-fluid
technology when machining nickel-based alloys using both nano-particles and nano-tubes. The
study revealed that:

1. Both nanofluids offer better results for surface quality, and energy consumption; however,
MWCNTs presents better performance than Al2O3 nano-fluid. The analysis of the measured
surface roughness, and energy consumption results showed that the nano-additives weight
percentage has a significant effect on all previous characteristics, either using MWCNTs or Al2O3.

2. The nano-fluids improvements were mainly due to the superior tribological and heat transfer
characteristics of the added nano-additives, which improve the interface bonding between the
cutting tool and workpiece surfaces. In addition, the nano-fluids offer a better heat dissipation
performance, which retains the cutting tool original hardness and accordingly reduces the severe
rubbing of the workpiece with the flank face.

There is no clear physical evidence in the open literature proving that MWCNTs nano-fluid
offers better tribological properties than Al2O3. Thus, studying and analyzing the nano-cutting fluid
heat transfer and frictional mechanisms is required, to physically investigate and emphasize this
point. It is concluded that MWCNTs and Al2O3 nanoparticles, improve the thermal and tribological
properties of the resultant nano-fluid compared with the base fluid. Thus, the obtained results
showed improvements in the cutting performance of Inconel 718 (i.e., surface quality and energy
consumption). In terms of future research, a comparative study between MQL-nano-fluid and other
cooling and lubrication strategies, such as cryogenic cooling is required to evaluate the effectiveness of
the current approach.
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