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Abstract

The nickel-based superalloy Inconel 718 is used in aerospace, marine,
and defense applications due to its unique qualities. However, these alloys are
challenging to cut because of their reduced heat conductivity and propensity for
work-hardening. With a focus on sustainability, ongoing efforts are being made to
increase the machinability of these alloys. This work investigates the shear angle
(¢,) and chip thickness ratio () during the turning of Inconel 718 using nanofluid
under minimum quantity lubrication (NFMQL) varying cutting speed, feed (f),
and depth of cut (&). Aluminum oxide (AL O,) nanoparticles were combined with
a 0.25% concentration of commercially available palm oil to create a nanofluid.
This study found the closely coiled, serrated continuous chips at higher speeds.
The rand ¢ increased with the cutting speed and decreased with the increase in /°
and 4. The d followed by cutting speed and £, was the most critical parameter for
the 7and ¢ .'This study finds further scope for developing the cutting force model
based on the 7 and ¢ developed models during the oblique turning of Inconel
718 under NFMQL conditions.
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Introduction

In recent years, numerous attempts were made by researchers towards
sustainable manufacturing to stick around to the stringent norms laid down
by government authorities to safeguard the environment. The sustainability
approach in machining has triggered the usage of various cooling strategies, such
as cryogenic cooling, high-pressure jet cooling, minimum quantity lubrication,

and NFMQL [1].

Inconel 718 alloy presents divergent challenges during machining in manu-
facturing industries. Tool wear, power consumption, cutting forces, etc., signifi-
cantly influences industrial sustainability. Nanoparticle-based cutting fluid has
gained advantages in recent years due to their excellent thermo-physical char-
acteristics [2]. Cutting force has a large impact on tool life, surface integrity, di-
mensional accuracy, and machining power. Knowing it in advance will help in
selecting the right machine tool, the cutting insert, and the insert geometry [3].

¢, and 7 are required to recognize heat generation and deformation during
cutting. It is the deciding factor for obtaining the efficiency of chip formation. It
has strong relevance with the cutting parameters like an increase in cutting veloc-
ity (7) will decrease the chip thickness and increases the 7 [4]. The temperature
generated during cutting has a vital importance in the mechanism of chip cre-
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ation, this contributes to the cutting tool’s thermal deforma-
tion, i.e., tool wear [5]. A group of investigators used different
nanofluids to machine nickel alloy. Their study suggested the
scope for hybrid nanofluids for enhancing cooling and better

machinability [6].

Nanoparticle-based cutting fluid is preferred for avoiding
the adverse effect of excess heat generation during machining.
Al O,, multi-wall carbon nanotubes, graphene, nanodiamond,
silicon oxide, zinc oxide, and a few more nanoparticle-based
nanofluids were considered by the researchers under different
research works. Nanofluids are formed by mixing them into
base fluid with a certain percentage concentration to reach de-
sired properties. The percentage concentration has an import-
ant role to play during efficient application at the cutting zone.

While investigating the new bio-based nano-lubricants
with varying % concentrations of AL O, nanoparticles, it was
discovered that a 0.8% concentration reduced tool wear and
increased tool life due to a generation of favorable spacer at-
tributes. The higher number of nanoparticles could reduce
the friction but will cause agglomeration. The agglomeration
of nanoparticles increases the coeflicient of friction, surface
roughness, power expenditure, and specific cutting energy. So,
to avoid these adverse effects, 0.5% concentration was found
better for machining [7]. Researchers used textured tools with
dry and flood cooling to try to machine Inconel 718 [8].

Because Inconel 718 has a history of shear instability and
substantial localized deformation at the cutting interface, chip
creation is essential in the shearing process. When cutting In-
conel 718, a chip with a serrated edge is created. Their creation
controls how much tool wear, how much cutting force, and
how intact the surface [9]. Material deformation in the case
of Inconel 718 is generated by heat softening and/or strain
hardening. One of the most important factors in achieving
the optimum machinability is the selection of the input cut-
ting parameters. Over fand ¥,  has the greatest impact on
¢ [10]. Shear plane and ¢ have vital for cutting dynamics
and modeling of the cutting forces. Theoretical cutting force
models were developed using ¢ theory [11]. A group of re-
searchers attempted modeling ¢ and cutting force using the
finite element method and findings demonstrated improved
agreement with the experimental data [12]. Modelling of ¢,
using traditional methods such as Merchant, Lee, and Shaf-
fer, and Hucks theories, an attempt was made to link ¢ with
chip thickness [13]. Attempts were made to extend Waldorf’s
orthogonal force model to 3D cutting force analysis [14]. To
forecast the cutting force, the slip-line field/mechanistic mod-
el approach was coupled with the analysis of shear flow stress
and ¢ [15,16].The ¢ and r were found to increase with 7z
'This could be because ¢ is direct association with the resultant

force [17].

Numerous attempts were made to model the cutting force,
rand ¢ . Mathematical models were developed to predict the
cutting force considering tool specifications, workpiece prop-
erties, process parameters, and cooling conditions. Several at-
tempts were made to develop experimental-based mathemat-
ical and numerical models to predict the cutting forces and
simulate the cutting mechanism.

In the present scenario of sustainable manufacturing,
cutting of Inconel 718 nickel alloy presents certain challeng-
es such as high heat generation, increased cutting forces, and
eventually less tool life. 7 and ¢ are closely associated with
metal deformation. Therefore, the development of a reliable
model of 7 and ¢ is key demand to predict and optimize the
cutting parameters in the manufacturing industry. The current
study presents a model that forecasts the 7and ¢ _in an oblique
cutting process employing a nanofluid-based cutting environ-
ment.

Experimentation

Turning experiments were performed on nickel-based su-
per alloy Inconel 718 bar with a diameter and length of 40 and
400 mm with a hardness of 37 HRC. Physical vapor deposited
AITiN coated tool. The composition of the material has been
shown in table 1.

As seen in figure 1, experiments were conducted on a
reliable and very accurate CNC lathe. In the study, constant
values were maintained for the tool height, tool geometry, and
cutting parameters such V, £, 4 and cutting length. The cutting
insert employed had a diamond shape, a nose radius of 0.8 mm
and an included angle of 80° as shown in figure 2. Table 2 dis-
plays the process parameters that were used in the experiment.
To create the nanofluid, 0.25% of AL, O, nanoparticles were
added to vegetable-based, commercially available palm oil. The
nanofluid was created using a two-step process, as depicted in

figure 3.

Table 1: Composition (%) of Inconel 718.

C 0.005
Si 0.056
Mn 0.062
P 0.008
S 0.007
Cr 18.37
Mo 2.87
Ni 25.82
Al 0.35
Co 0.22
Nb +Ta 5.01
Ti 1.1
B 0.001
Fe Balance

Figure 1: Experimental setup.
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Figure 2: Cutting insert (CNMG120408MS) and tool holder (PCBN-
R2525M12) geometry.

Table 2: Process parameters for turning Inconel 718 under NFMQL.

Process parameters Values
V (m/min) 30,45, 65, 85, and 100
f(mm/rev) 0.1,0.15,0.2,0.25,and 0.3
d (mm) 0.2,0.3,0.5,0.7,and 0.8
Tool holder PCBNR 2525 M12
Cutting insert PVD-coated AITiN with geometry
CNMG120408MS
MQL flow rate 50 ml/min
Air pressure 4 bar

Results and Discussion

This section discusses varying the 7and ¢ with the cutting
parameters by developing a mathematical model during turn-
ing Inconel 718 using AL,O, NFMQL. The 7 and ¢_serve an
essential role in determining several important response char-
acteristics. A higher ¢ will generate thinner chip thickness
resulting in an enhanced surface finish and good dimensional
accuracy. A lesser chip thickness will help to reduce the tem-
perature generated during cutting which has many positive
impacts on machining, such as reduced tool wear, will avoid
disturbing the material properties, etc. A higher ¢ _will suggest
a lower shear plane area which tends to have reduced cutting
forces and eventually lesser power consumption. Both benefit-
ed from manufacturing sustainability.

Table 2 shows the results of fifteen NFMQL turning trials
with altering V, f,and 4. Chips were collected after each exper-
iment. The thickness was measured at five different locations
using a pre-calibrated digital vernier caliper. An average read-
ing was noted. The cutting tool nomenclature, process parame-
ters, workpiece properties, and cooling conditions significantly
affect the machining performance. This study investigates the r
and ¢ by developing experimental-based mathematical mod-

w2

Base fluid Na.nopac

Magnetic stirring Probe sonication

SR

Figure 3: Two-step method for preparation of nanofluid.

els. The Chip thickness after cut (#) and chip thickness before
cut (#) and ¢ are the critical factors to be considered for mod-
eling the rand ¢_in oblique cutting.

In oblique cutting angle from shear plane to the plane
containing the newly generated surface of the workpiece mea-
sured in a plane normal to the cutting edge will be termed as
¢, and is obtained using equation 1.

| reosa
@, =tan” | ———— oY)
l-rsma,

Where ‘a is normal rake angle being of -5.96° that is obtained
using equation 2. The inclination angle (i) and the orthogo-
nal rake angle (a) are referred from the tool manufacturer’s
catalogue.

_ %
tan, = cosi *tanq, )
Where, ‘7 and ‘@] which was referred from the manufacturers

catalogue. The r is calculated from equation 3. The # can be
calculated from equation 4.

?"_i 3
7 ©)
t=fcosy, )

Where ‘/”is feed in mm/rev and ‘Y is the side cutting edge
angle.

The experimental results were used to create empirical equa-
tions. For the 7 and ¢ , regression equations were created. Us-
ing the Data-fit software, the coeflicient values in the equation
were determined. In equation 5 and equation 6, developed em-
pirical models are presented. All of the created models have
R-squared (R?) values that are close to 0.9, which estimate the
fraction of variation in the data points. The ¢ and » during
turning Inconel 718 using ALO, NFMQL can therefore be
precisely predicted by the proposed empirical formulae.
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7= 01618 V0‘162§](‘—0A1213d—0.4042 (5)
¢n — 100936 V0.1324}fﬁ.104d70.3179 (6)

Two-dimensional plots are drawn by altering the ¥, £, and
d using developed empirical equations. Figure 4a depicts the
variation in the 7 and ¢ with ¥, at f;and 4 of 0.2 mm/rev and
0.5 mm, respectively. The » and ¢ can be seen as increasing
with 7. An increase in ¢ _with the 7 could lower the cutting
force. It could be attributed to a reduction in the shear area
with the increasing ¢ with the V. Moreover, an increase in the
V_increases the cutting temperature and therefore, makes the
material soft and lowers the cutting force. Similarly, a decrease
in the shear area lowers the chip thickness and hence increases

the chip thickness with the V.

Figure 4b and figure 4c depict the variation in the rand ¢
with the fand 4, respectively. The ¥ and 4 of 65 m/min and 0.5
mm and the ¥ and fof 65 m/min and 0.2 mm/rev were con-
sidered while plotting figure 4b and figure 4c, respectively. The
rand ¢ decrease with the fand 4. A decrease in ¢ with the
could increase the cutting forces. This could be attributed to an
increase in the shear area with a decreasing ¢ with the fand 4.
An increase in the shear area increases the chip thickness and

hence lowers the chip thickness with the fand 4.

The 7and ¢ are prominently affected by the 4 followed by
the f'and the V. Further, the effect of simultaneously varying
the two process parameters on the 7and ¢ is plotted using 3D
graphs. Figure 5 depicts the 3D plots of the » varying with the
cutting parameters during turning Inconel 718 using ALO,
NFMQL using equation 5.

Figure 5a shows the interaction effect of the V and fon
the 7. The 7 can be seen as prominently affected by the 7 and
/- 'This could be attributed to a decrease in the chip thickness
due to a decrease in the shear plane area and an increase in
the cutting temperature with the . A decrease in the  can
be seen with the increase in the fand the 4 as shown in figure
5b and figure 5¢. However, the 4 can be seen as significantly
affecting the r than the fand the 7. This is obvious also as the
¢ increase with the 4 and hence the 7.

3D plots showing the ¢ varying with the cutting param-
eters during turning Inconel 718 using ALLO, NFMQL using
equation 6 are as shown in figure 6. Figure 6a show the inter-
action effect of the ¥ and fon the ¢ . The ¢ can be seen as
increasing with the 7 and decreasing with the £.The ¥ can be
seen as prominently affecting the ¢ . It could be attributed to
an increase in the cutting temperature with the V. resulting in
softening of the workpiece. It lowers the shear plane area and
hence the cutting force with the increase in the ¢ . On the
other hand, a decrease in the ¢ can be seen with the increase
in fand the 4 from figure 6b and figure 6¢. However, the 4 can
be seen as significantly affecting the ¢ than the £ It could be
attributed to rise in the # and hence the shear plane area with
the d.

Figure 7 shows the images of different sizes and shapes of
chips produced varying with cutting parameters during turn-
ing Inconel 718 under NFMQL conditions. The chips formed
during cutting were serrated continuously coiled helical chips.
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However, the chip with a lower curling radius, i.e., the closely
coiled helical chips, were produced at elevated 7 and f. And
loosely coiled chips (higher curling radius) were produced at
lower cutting speeds and /. It could be attributed to an increase
in the frictional coefficient at the chip—tool interface and the
cutting temperature with the 7 resulting in a higher tempera-
ture variance between the chip’s free and sliding surfaces.

This study finds that » and ¢ are significantly affected
by the 4 followed by the 7 and f. The coefficient of deter-
mination for the developed mathematical models was close
to 0.9, showing that the generated models could be reliably
used to forecast the  and ¢ within the boundaries of the
process parameters considered for this investigation. Predict-
ed R-squared values were in close agreement with adjusted
R-squared values showing that models do not appear to overfit
and possess sufficient predictability for the 7 and ¢ .'This study
finds further scope for developing cutting force models based
on the developed models for the 7 and ¢ during oblique turn-
ing of Inconel 718 under NFMQL conditions.

Additionally, the study suggests that future research
should focus on investigating the effects of different cutting
parameters on the surface roughness and tool wear during
oblique turning of Inconel 718. Furthermore, understanding
the relationship between the 7 and ¢ _could provide valuable
insights for optimizing machining processes to improve pro-
ductivity and reduce costs.

Conclusions

This study investigated the » and ¢ during turning
Inconel 718 using NFMQL. The mathematical models were
developed with the goal to gain a deeper comprehension
of how the process factors affect chip thickness and ¢ .
Commercially available vegetable palm oil was used as a base
fluid. A nanofluid was prepared by mixing Al O, nanoparticles
in palm oil with 0.25% concentration. The current investigation
could lead to the following conclusions:

e 'The » and ¢ were increased with the Jz and decreased
with the increase in fand 4. However, the 7 and ¢ were
prominently affected with the d.

e An increase in the 7 with the ¥ could be attributed to a
decrease in the chip thickness and hence the shear plane
area and an increase in the cutting temperature with the
V. On the other hand, decreasing the » with the fand &
could be attributed to an increase in the # with the f'and
the 4.

* Anincrease in the ¢ with the J could be attributed to an
increase in the cutting temperature with the ¥ resulting
in softening of the workpiece. It lowers the shear plane
area and hence the cutting force. However, a decrease in
the ¢ with the f'and & could be attributed to an increase
in the uncut chip thickness and hence the shear plane
area with the fand 4.

e The coefficient of determination for the created
mathematical models was close to 0.9, suggesting that
the models could be used to forecast the  and ¢ within
the scope of the current study’s process parameters.
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Figure 7: Chip images varying with cutting parameters during turning
Inconel 718 under NFMQL.

e Serrated continuously coiled helical chips were produced
at elevated V and f. It could be attributed to a higher
temperature variance between the chip’s free and sliding
surfaces at higher cutting speeds.
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