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Nickel-based superalloy Inc-718 has become an indispensable alloy in critical sectors, especially in the aerospace
industry, thanks to its unique characteristics. However, some properties of the alloy (especially low thermal
conductivity and hot hardness) cause difficulties in its machinability. For this reason, comprehensive studies to
improve the machinability of Inc-718 alloy by considering the microstructural properties are guiding. In this
context, the present study uses various methods to increase the machinability efficiency of Inc-718, while also
investigating their effect on microstructural properties. Firstly, the effect of the pre-heating process (hot), pure-
MQL (PMQL), nanofluid-MQL (NMQL), and hybrid methods (hot+PMQL and hot-NMQL) on the surface
roughness, cutting forces, tool wear, vibration, and temperature was investigated while milling Inc-718 surfaces.
Then the utilization of Electron Backscatter Diffraction (EBSD) facilitated a comprehensive examination of
microstructural behavior, with a specific focus on Euler-colored maps and phase distribution maps, providing
valuable insights into the material’s behavior under distinct milling conditions. As a result, hot+PMQL, hot+SiC-
NMQL, and hot+Al;03-NMQL provided an important contribution to the improvement of machinability char-
acteristics. Also, it was seen that in EBSD analysis, a limited area is affected by heat in the hot machining
environment. The crystal orientations of the pre-heated and hybrid machined Inc-718 alloy are highly similar to
that of the dry-machined alloy. This similarity indicates that the removal of the heated layer from the workpiece
during the milling process contributes to the preservation of the microstructure.

1. Introduction

Heat resistant super alloys (HRSA) have been developed that can
offer the mechanical and thermal properties required for high safety and
performance, low fuel consumption and emissions, especially desired in
the aerospace industry. According to the kind of major alloying element,
superalloys are categorized into four groups. These are nickel-based,
iron-based, cobalt-based, and titanium-based alloys. Superalloys are
extremely attractive for both high and low temperature applications
because to their special characteristics. One of the best prospective op-
tions for high temperature applications up to 1000 °C is nickel-based
superalloys due to their great oxidation resistance. The outstanding
properties of nickel-based alloys, such as long-term retention of chem-
ical and mechanical properties at elevated temperatures, allow for high

* Corresponding author.
E-mail address: msarikaya@sinop.edu.tr (M. Sarikaya).

https://doi.org/10.1016/j.triboint.2023.109120

corrosion resistance, fatigue resistance, thermal shock, erosion and
creep resistance. Due to its excellent weldability and processability with
a variety of manufacturing processes, Inconel 718 (Inc-718) is the most
popular alloy in the nickel-based superalloy family [1]. The intense
demand of Ni-based Inc-718 in the industry has made it necessary to
work on improving its machinability both in terms of productivity and
part quality. The machinability index of Inc-718 is 12 out of 100
compared to the reference material (low carbon steel-AISI 1018) [2].
Therefore, the specific properties of the alloy i.e., 1) good strength and
hardness even at high temperatures, 2) high susceptibility to strain
hardening in all conditions, 3) high heat generation in the cutting zone
due to its low thermal conductivity, 4) chemical affinity of the alloy to
cutting tools, 5) high adhesion tendency of the alloy, 6) built-up edge
(BUE) formation, and 7) notch formation on the cutting edge have led it
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to be called a difficult-to-cut material. The restricted heat dissipation in
the cutting zone is seen as the main factor that impoverishes the
machinability of the alloy. To overcome these difficulties, researchers
have made several attempts, directly (such as optimizing the cutting
parameters and properties of the cutting tool) and indirectly, i.e., cool-
ing, lubrication, hot machining, etc. Among the indirect methods used to
increase the machining efficiency and part quality, the use of cutting
fluid is frequently preferred. Cutting fluids not only reduce the cutting
temperature, but also provide various benefits such as reducing friction
at the interfaces, removing chips from the cutting zone, protecting the
machined surface from corrosion and oxidation, reducing adhesion,
improving surface quality and reducing cutting forces [3]. In this way, it
is possible to increase tool life, decrease cutting power and energy usage,
and enhance surface integrity. For chip removal operations, emulsion
and soluble type cutting fluids with flood cooling system are commonly
employed. However, there are now a number of limitations on the usage
of this kind of cooling system due to rising environmental concerns [4].
For this reason, tremendous efforts are made to use and develop
methods such as MQL (Minimum Quantity Lubrication), compressed air,
cryogenic cooling, in order to minimize the use of lubricants, taking into
account the cost and human health problems as well as ecological
problems. In particular, MQL, which is an environmentally friendly
machining method, is widely used in the machining of materials due to
its easy application and cost-effective.

Heat-assisted machining (HAM) (or hot machining) is another useful
technique to increase the machinability performance of nickel-base al-
loys. The HAM method involves heating the workpiece with outside heat
sources such as gas flame, induction, laser, plasma, etc., to improve the
alloy’s ductility and, as a result, decrease the yield and shear strength of
the workpiece. In this way, it can be easier to remove chips from the
material compared to traditional machining. Researchers have carried
out various studies to observe changes in the machinability performance
of nickel alloys using different heat sources. For example, Parida and
Maity [5] used the HAM technique for turning the Inc-718 to observe the
effect of gas-flame torch heating on machining responses, namely ma-
terial removal rate, cutting force, power consumption, tool life, and
cutting energy. In another study conducted by Parida and Maity [6],
Ni-based Monel 400 superalloy was machined by exposure to heat
source and the effect of workpiece temperature on tool life, chip-tool
contact length and chip morphology was investigated. In their find-
ings, the authors reported that as a result of heating, the workpiece, the
tool life was improved by 85% compared to ambient temperature. Navas
et al. [7] investigated the factors involved in improving the machin-
ability of Inc-718 with laser assisted machining. They attributed the
improvement of machinability performance with laser-heating to the
reduction of material yield strength and hardness, and to the limitation
of work hardening. Tadavani et al. [8] studied the machinability re-
actions in cutting Inc-718 with laser assisted. The researchers found that
as the temperature exceeded 500 °C near the cutting zone, there was a
35% reduction in specific cutting energy and a more than 20% reduction
in tool wear and surface roughness compared to conventional
machining. Moreover, it is also possible to mention other studies [9-17]
reporting the increased machinability efficiency of nickel-based super-
alloys with the help of heat source.

In summary, it is clear that machinability outputs have improved in
cutting hard-to-machine alloys both with heat source and under cool-
ing/lubrication. So, it is a matter of curiosity how the simultaneous
application of both methods (heating the material and cooling the cut-
ting tool) will affect the machinability outputs. In the literature, very
few studies have been found on this subject. Karabulut et al. [18] applied
a hybrid process (heating of the material and MQL application) to the
Ti6Al4V alloy to overcome the machining difficulties in milling. The
authors found significant reductions in vibration and power consump-
tion in hybrid milling compared to dry milling, while slightly worsening
in surface quality was observed. In another work published by Karabulut
et. [19], investigations were done into the impact of heat assisted hybrid
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techniques on the machining behavior of Ti6Al4V alloy. As a result, up
to 65% reduction in energy consumption was detected, while surface
roughness increased due to adhesion. Luan et al. [20] examined the
machinability outputs of Ti6Al4V alloy in heat assisted cutting under
MOQL. Consequently, heat assisted machining under MQL has dramati-
cally reduced tool wear and enhanced surface finish.

When the findings obtained from the literature are evaluated, the
machinability characteristics have been improved by preheating the
material and lubricating the tool-chip interface with MQL. However,
there is insufficient evidence for the results when both methods are used
together in machining superalloys like Inc-718. In addition, to the au-
thors’ knowledge, no studies have been found examining a hybrid
technique that involves heating the Ni-based superalloy Inc-718 as well
as lubricating/cooling the tool-chip-workpiece interface using the MQL
method. Therefore, present study aims to investigate the effect of pre-
heating process (hot), pure-MQL (PMQL), nanofluid-MQL (NMQL) and
hybrid methods (hot+PMQL and hot-NMQL) on the surface roughness,
cutting forces, tool wear, vibration, and temperature. In addition, this
paper conducted a comprehensive investigation into the microstructural
behavior of Inconel 718 alloy machined under different cutting envi-
ronments. The utilization of Electron Backscatter Diffraction (EBSD)
facilitated a comprehensive examination of microstructural responses,
with a specific focus on Euler-colored maps and phase distribution maps,
providing valuable insights into the material’s behavior under distinct
milling conditions.

2. Experimental procedure
2.1. Equipment

The machining behavior of the Inc-718 superalloy was studied using
a Frontier MCV-866 CNC milling machine, which had a maximum
spindle speed of 10,000 rpm. The workpiece had dimensions of 100 mm
X 40 mm x 40 mm).

Spectral analysis measurements were performed on Inc-718 using a
Bruker Q4 Tasman device at three different locations. Afterward, the
obtained data were used to calculate the respective averages. Table 1
presents the chemical composition of Inc-718, and the results of the
chemical analysis confirmed that the alloy’s composition aligns with the
chemical composition of commercially available Inc-718 alloy.

To accurately determine the vibration and peak points in the cutting
forces, a single Mitsubishi AOMT123608PEER-M VP15TF grade PVD-
coated carbide insert with a 90° entry angle was used in the experi-
ments. The insert was mounted on a standard BBT 40 tool holder, and a
new cutting edge was used in each experiment.

A total of 10 milling tests were conducted, encompassing a range of
machining environments. These environments included dry cutting at
room temperature, pure-MQL, nanoparticle-reinforced MQL, hot cut-
ting, and hybrid milling. The experimental details are illustrated in
Table 2. In addition, the experimental setup is shown in Fig. 1.

2.2. Nano-fluid preparation

During the preparation of nano-fluids, three distinct nano-fluids
were obtained by incorporating weight percentages of Al,O3, SiC, and
MWCNT (1 wt%) nanoparticles into the commercially obtained Cuttex
32 R oil. The selection of nanoparticle weight ratios for the mixture was
determined based on preliminary experiments and existing literature
[21]. In order to mitigate agglomeration within the nano-fluids and
enhance the stability of the resulting suspensions, pH adjustment, and
ultrasonic vibration techniques were employed. In this process, an
HSD180 hot plate magnetic stirrer device was utilized for the mixing
process. During mixing, the nanoparticulate additives were gradually
introduced into the base liquid, and the process was sustained for
30 min. To remove small-sized contaminant particles, a Kudos
SK2210HP HP Series 53 kHz heated ultrasonic bath with a power output
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Table 1

Chemical composition of Inconel 718 alloy (wt%).
C Mn P Si Cu Co Al Ti Mo w Nb Fe Cr Ni
0.120 0.110 0.036 0.592 0.072 1.008 0.960 3.000 3.194 0.934 7.200 11.880 23.21 47.58
bl using an external heat source, and the specimen was heated up to 300 °C

Table 2

Experimental details.

Milling parameters Remarks

Cutting environments Dry
PMQL (Pure MQL)
Hot (Pre-heating of the material with external heat source)
Hot + PMQL
Al;03 - NMOQL (Al,03 based nanofluid -MQL)
SiC — NMQL (SiC based nanofluid -MQL)
MWCNT - NMQL (MWCNT based nanofluid -MQL)
Hot + Al,03 — NMQL (Hybrid environment)
Hot + SiC — NMQL (Hybrid environment)
Hot + MWCNT - NMQL (Hybrid environment)
PVD coated AOMT123608PEER-M VP15TF, nose radius:
0.8 mm
V60 m/min, f,: 0.06 mm/tooth, ay:1 mm, a.: 12 mm
(Constant in each experiment)
Tool holder diameter 16 mm
Number of the cutting 1
insert
Nanoparticles

Cutting insert

Cutting parameters

Al;03 (Purity: 99%, size: 40 nm, density: 3.95 g/cm3,
morphology: nearly spherical)

SiC (Purity: 99 +%, size: 40 nm, density: 3.216 g/cm3,
morphology: nearly spherical)

Multi Walled Carbon Nanotubes, MWCNT (Purity: 92%,
outside diameter: 8-10 nm, density: 2.4 g/cm®)

of 90 W and a frequency of 53 kHz was used for 30 min. In the final stage
of the nano-fluid preparation process, the resulting mixture was stirred
for 60 min at 1500 revolutions per minute using the HSD180 Hot Plate
Magnetic Stirrer. The preparation procedure of nanofluids is also shown
in Fig. 2.

2.3. Pre-heating process and MQL setup

Before hot and hybrid milling, a preheating process was conducted

{3
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Measurement Equipment

for 40 s using an open flame, oxygen gas, and a torch. Throughout the
preheating process, the surface temperature of the Inc-718 was contin-
uously audited using both an MI3 pyrometer and a Testo 872 thermal
camera. Once the surface temperature of 300 °C was reached, the open
flame was deactivated, and the milling process was then initiated. In the
case of hybrid milling, after reaching the desired temperature level, the
MQL system was activated to provide lubrication and cooling to the
cutting tool during the milling process.

The milling variables such as cutting speed and feed rate used in the
experiments were determined based on pilot tests and catalog data
provided by the cutting tool manufacturer. In the MQL and hybrid
milling environments, a biodegradable cutting oil called Cuttex 32 R
was utilized. The kinematic viscosity of this cutting oil is 32-37 ¢St at
40 °C, and its density is 0.868 g/cm® at 15 °C. The oil has a flash point
above 232 °C. To achieve effective lubrication and cooling directly at
the cutting zone, the Werte STN40 MQL system was utilized, and the
MOQL nozzle was precisely positioned 20 mm away from the cutting
point and at a 20° angle relative to the machine’s XY plane. The oil flow
rate was continuously adjusted to 10 ml/min.

2.4. Measurements

A Brookfield viscometer (model DV-I) was utilized to measure the
viscosities of base fluid, and Al,03 and SiC based nanofluids. In addition,
the pH values of these fluids were identified with a pH meter (HANNA).

During the experiments, the cutting forces were measured using a
Kistler 9272 dynamometer, with a sampling frequency of 20,000 Hz.

The QM42VT2 vibration measurement sensor was used to record the
milling machine’s vibration and acceleration. The device was attached
to the vise, linked to the polytrace smart box, and the data was syn-
chronously saved and stored on the polytrace website.

After the milling processes, the image of the worn tools was obtained
with the help of Tescan Maia3 xmu scanning electron microscope (SEM).

A: MQL reservoir
B: Cutting insert
C: Dynamometer
D: Pyrometer

E: MQL milling

F: Pre-heating

G: Thermal camera
H: Cutting force

I: Microhardness

J: Surface roughness
K: Tool wear

L: EBSD

4 | )

Fig. 1. Experimental setup.
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Magnetic stirrer Nano fluids

Fig. 2. Procedures followed in the preparation of nanofluids.

Surface roughness measurements were conducted at four different
locations along the cutting direction using a Mitutoyo SJ-210 mea-
surement device, and average Ra values were calculated by eliminating
the unsuitable values. Hardness measurements were carried out at three
different points from the machined surface to the base material, using an
Emcotest DuraScan 70 G5 device according to the Hv1 scale of the ASTM
E384 standard.

After the milling process, the machined surfaces were examined
using a Leica DMI 5000 M optical microscope, capable of magnifications
ranging from 50 x to 1000 x , in order to observe the changes in the
microstructure. The machined Inc-718 was cut by wire electric
discharge machining for microstructural analysis, then embedded in
bakelite casting resin. Following that, an automated sanding process was
employed using silicon carbide sandpapers with grit sizes of 800, 1000,
1200, and 1500 consecutively. Subsequently, polishing was carried out
using diamond suspensions with particle sizes of 6, 3, and 1 micrometer,
followed by the application of a 0.002 nm colloidal silica solution. For
etching purposes, the Kroll reagent was utilized in accordance with the
ASTM EA407 standard.

The effects of preheating on the machined surface were examined
using a Tescan Maia3 xmu scanning electron microscope. The micro-
structural behavior of the hot-machined Inc-718 was investigated using
a high-performance symmetrical Electron Backscatter Diffraction
(EBSD) detector produced by Oxford Instruments, to determine whether
temperature and milling parameters have any detrimental effect on
phase fraction and microstructural changes. The EBSD scanning pa-
rameters were set to an acceleration voltage of 20.00 kV, a hit rate of
91.18%, and an acquisition rate of 22.43 Hz. To investigate the micro-
structural behavior changes of Inc-718, EBSD scanning was conducted
on a 240 pm x 300 um area. A step size of 0.6 ym was employed for each
loading step, and the scanning process, which took approximately
115 min, acquired EBSD patterns within the frequency range of
300-400 Hz.

3. Results and discussion
3.1. Ph and viscosity

Nanofluids are referred as complex fluids that have emerged mainly
to increase the performance of thermal and thermo-mechanical com-
ponents. However, the low stability caused by the aggregation and/or
precipitation of nanoparticles in the fluid over time is one of the most
critical challenges for their practical applications. The well-known
method used to enhance the dispersion of nanoparticles in base fluid
is to provide electrostatic stabilization, which changes the surface
charge of nanoparticles by using surfactants or changing the pH [22].
However, surfactants’ impacts on nanofluids are complicated since they
have various effects on them. Moreover, surface modification methods
are also costly and difficult, which makes them impractical for appli-
cations in industry. Since the pH of nanofluids can be easily changed, it
is simpler and more economical to produce pH-treated nanofluids with
better features [23]. For this purpose, the pH values of the base liquid
and nanofluids prepared with different types of nanoparticles were

measured and the responses are provided in Fig. 3. Here, a slight
decrease was observed in the Ph values of SiC and MWCNT-based
nanofluids compared to the pH value of the base fluid, while the pH
value of the AlyOs-based nanofluid increased more significantly. Since
agglomerated structures may develop when the pH is lower than 7, this
may lead to rapid sedimentation [24]. As previously reported by [24,
25], richer pH produces substantial surface charges on nanoparticles
and inhibits aggregation and therefore improves stability.

The physical and chemical features of nanoparticles and their con-
centration in the nanofluid have a significant effect on dynamic viscosity
and density, and their high values increase power consumption in
pumping systems, which becomes a disadvantage for nanofluid use [22].
In MQL systems, on the other hand, high viscosity may cause clogging of
the hoses and failure of the pump [26]. Moreover, in terms of cutting
performance, the extremely high viscosity of the fluid may also prevent
the penetration of cutting fluids into the cutting zone. As can be seen in
Fig. 3, while there was a slight increase in the viscosity of the Al,O3
-based nanofluid compared to the base fluid, there was a sharp increase
in the SiC and MWCNT-based nanofluids. Compared to the base fluid,
the viscosity of the Al,O3, SiC and MWCNT-based nanofluids increased
by 8.3%, 350% and 903%, respectively. In this respect, the more
reasonable dynamic viscosity of Aly,Os-based nanofluid compared to
others means that it will offer more effective results in industrial use.

3.2. Surface roughness

The use of nickel-based Inc-718 superalloy in the production of
critical parts, especially in the aerospace industry, leads to greater
attention to its surface and sub-surface characteristics. The reason for
this care is that a low surface roughness is one of the most basic in-
dicators of surface quality and it directly affects the service performance

Viscosity (Pa-s)

Base fluid

Al,03-Nanofluid SiC-Nanofluid MWCNT-Nanofluid

Fluid type

Fig. 3. pH and viscosity values versus fluid type.
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of the alloy (strength, fatigue, impact resistance, fracture, etc.) [27]. In
this study, surface roughness results were measured in 10 different
cutting environments at constant cutting parameters and these were
compared with the results obtained in dry conditions as presented in
Fig. 4. As expected, the poorest surface quality turned out to be
0.549 um under dry cutting. Thanks to the applied heating, lubricating
and heating+lubricating (Hybrid) agents, the surface roughness has
been significantly reduced. Compared to dry cutting, reductions in
surface roughness of 37.5-62.8% have been achieved with cool-
ing/lubrication agencies. To put it more clearly, 37.5%, 45.4%, 49%,
51.2%, 51.7%, 56.3%, 56.5%, 58.5% and 62.8% improvements were
achieved in (1) PMQL, (2) MWCNT-NMQL, (3) hot+MWCNT-NMOQL, (4)
SiC-NMQL, (5) hot, (6) hot+SiC-NMQL, (7) Al,03-NMQL, (8)
hot+PMQL, and (9) hot+Al;O3-NMQL environments, respectively.
Although the surface roughness was reduced under all applied condi-
tions, the reductions were more remarkable especially in hot,
hot+PMQL and Al;03-NMQL and hot+Al,03-NMQL environments.
Heating the workpiece prior to cutting with the aid of an external heat
torch results in a reduction in the yield, ultimate tensile and shear
strength of the Inc-718 alloy, resulting in a tangible reduction in cutting
resistance and cutting forces. Furthermore, due to the weakening of the
structural strength of the preheated material and the reduced cutting
resistance, the vibration amplitudes of the tool-workpiece pair are also
reduced, resulting in a better surface finish. When machining only under
PMQL, the surface roughness was reduced compared to dry cutting, but
remained above the Ra values obtained by machining under preheating
with torch. This situation proves that single cooling-lubrication agency
to the cutting zone will be insufficient in cutting of difficult-to-machine
alloys such as Inc-718. Luan et al., [20] who reached a similar finding,
claimed that under pure-MQL, the roughness of the chip and the wide
adiabatic slip band increased the negative effect of the chip on the
machined surface of the workpiece, increasing the surface roughness
value compared to heat assisted cutting.

Further improvement in surface roughness with hot+Al;03-NMQL
hybrid agencies is associated with both a decrease in the structural
strength of the workpiece with preheating and a reduction in friction
with effective lubrication at the tool-chip interface. Moreover, it can be
mentioned that possible reductions in cutting forces and tool wear are
among the other important reasons for this, thanks to the synergy effect
that occurs with the workpiece preheating and lubrication of the cutting
zone with nanofluids especially Al;03-NMQL. On the contrary, there is a
poorer surface quality in milling under SiC and MWCNT-based
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nanofluids compared to Al;03-based nanofluid. Al,O3 nanoparticles
have a spherical shape, a richer specific surface area and adsorption.
Al,O3 is capable of having high strength and high chemical stability due
to the strong polarity of the chemical bonds between AI*" and 0% and
the high lattice energy [28]. Zhang et al. [28] claimed that Al,O3
nanoparticles exhibits strong surface adsorption and strongly adheres to
the base oil, thus forming a thin oil film at the interface. On the other
hand, the fact that SiC nanoparticles exhibit irregular shapes and contain
multiple edges is not sufficient for oil film formation and "ball effect" at
the interface [28]. In addition, the extremely high viscosities of MWCNT
and SiC based nanofluids are thought to restrict them from effectively
dispersing and forming a thin film at the tool/chip/workpiece interfaces.
Likewise, the low pH values of these two nanofluids were also evaluated
as an indication of their poor performance due to stability problems.

3.3. Cutting force

Information about the magnitude and direction of the resulting
cutting force F and its components is vital for many actions such as
designing machine tools, determining cutting parameters, designing
cutting tools, interpreting the achievable accuracy of the part and the
phenomena occurring at the point of contact, calculating power con-
sumption, etc., in metal cutting operations. As higher forces are gener-
ated when cutting more difficult-to-machine materials, more care is
required when machining such materials. In this study, the three com-
ponents of the cutting force F in the x (Fx), y (Fy) and z (Fz) directions
were measured with a dynamometer and the resultant cutting force (Fr)
was calculated as presented in Eq. (1):

Fr=\/Fi+F +F: 1)

The resultant cutting force results under each cutting environment
are shown in Fig. 5. Accordingly, the cutting forces under PMQL
decreased compared to dry cutting, this alone was while, dramatic de-
creases in cutting forces were observed with the inclusion of heat source
and/or nanofluids in the cutting process. Compared to dry cutting, the
resulting cutting force was reduced through PMQL!, hot?, MWCNT-
NMQL?,  SiC-NMQL*,  hot+MWCNT-NMQLS,  Al,03-NMQLS,
hot+PMQL’, hot+SiC-NMQLS, hot+Al,03-NMQL® by (1) 23.51%, (2)
50.9%, (3) 51.1%, (4) 52.9%, (5) 54.7%, (6) 54.8%, (7) 57.6%, (8)
57.7% and (9) 61.1%. With the inclusion of the MQL system in dry
machining, a very small amount of oil sent to the cutting area in a
pulverized manner has reduced the friction between the tool-chip and

Hot+MWCNT-NMQL
Hot+SiC-NMQL
-
5 Hot+Al,05;-NMQL }
g MWCNT-NMQL
1
=
> .
= SiC-NMQL
=
o0
£ Al,05-NMQL
s
=
o Hot+PMQL
Hot
PMQL
Dry
T T
0.0 0.1 0.2

T T
0.3 0.4 0.5 0.6

Surface roughness, Ra (um)

Fig. 4. Surface roughness vs cutting environment.
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g MWCNT-NMQL
= |
s
= SiC-NMQL
=
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i Al,03;-NMQL |
k=]
=
o Hot+PMQL
Hot }
PMQL ,]
Dry -, '__
T T T
400 600 1000 1200

Resultant cutting force, Fr (N)

Fig. 5. Resultant cutting force vs cutting environment.

the tool workpiece, and thus, significant reductions in cutting forces
have been observed. Similarly, preheating the Inc-718 workpiece before
machining was also very effective in reducing the cutting forces. This
important effect is principally caused by a decrease in the yield strength
of the machined workpiece material, which results in a reduction in the
production of cutting force. In particular, the hybrid use of Al;03 based
nanofluids with pre-heating support during machining of Inc-718
further improved the reduction in cutting forces. This situation is
attributed to the fact that Al;03 nanoparticles act as a ball between the
tool-chip-workpiece and contribute to the reduction of the contact sur-
face areas. It can be said that a similar effect is achieved by SiC based
nanofluids in terms of cutting forces. As can be seen from the findings in
Section 3.1, the lower viscosity and higher Ph values of Al,O3 based
nanofluids are considered as a result of the effective penetration of the
fluids into the cutting zone. As a matter of fact, the very high viscosity of
the MWCNT-based nanofluid limited the penetration of the liquid in the
cutting zone, and this had a negative effect on the cutting force, as in
other results.

3.4. Tool wear

The term "tool wear" describes the cutting tool failure due to friction
at the tool-workpiece or chip contact. One important factor in deter-
mining a material’s machinability is tool wear. In metal cutting pro-
cesses, the tool wear has a considerable impact on the surface/
subsurface damages, cutting forces, chip morphologies, machining cost,
etc. Thus, to understand and reduce tool wear when milling Inc-718, it is
essential to investigate tool damages and the responsible wear mecha-
nisms. In this subsection, the damage to the cutting tools during the
milling of Inc-718 alloy under different cutting environments was
analyzed with SEM images as provided in Fig. 6. When the cutting tool
damages in each cutting environment are compared, it is seen that the
tool has become unusable by taking serious damage in the dry cutting
environment where there is no cooling agency. The size of the damaged
area under dry milling is larger than that of the others. Here, built-up
layer (BUL) caused by adhesion and chipping are the observed wear
mechanisms. In the interrupted cutting process inherent in milling,
chipping of the cutting edge is an expected phenomenon. Moreover, it is
thought that after a certain milling time, the strength of the cutting tool
decreases due to the thermal softening, abrasive, and adhesive wear,
leading to a serious failure with chipping of cutting edge. In fact, if the
cutting process had continued further, it is highly likely that the crack

seen in Fig. 6(a) would have progressed and caused more serious
destructive damage on the cutting tool. It has been emphasized in pre-
vious studies that BUE, BUL, adhesion, chipping, catastrophic failure are
the mechanisms frequently seen in machining nickel-based superalloys
with carbide cutting tools [24,29,30]. In Fig. 6(b), It has been noticed
that the damage of the tool is more prominent in the machining per-
formed under PMQL compared to other environments (except in dry
environment). It is thought that this situation arises with the chipping
mechanism due to the insufficient lubricating ability of PMQL [31]. As
seen in Fig. 6(c-j), BUL and BUE formations were formed on the cutting
tool due to the adhesion mechanism in the milling operations performed
under other environments i.e., hot, NMQLs and hybrid modes. However,
it was determined from these SEM images that BUE and BUL formations
were more dominant especially in hot (Fig. 6(c)) and
hot+MWCNT-NMQL (Fig. 6(j)) environments. This situation was asso-
ciated with the increased adhesion tendency of the workpiece material
loosened by preheating. Moreover, the inability of the MWCNT-based
cutting fluid to penetrate the cutting zone allowed this situation.
Although the adhesion mechanism of the material was observed in
hot+SiC-NMQL and hot+Al,03-NMQL hybrid environments, the for-
mation of BUE and BUL was limited due to the more effective cooling
and lubrication application of nanofluids to the tool.

3.5. Vibration

In the milling process, rigidity and tool vibrations are significant
issues to take into account. The characteristic features of the milling
process, such as intermittent cutting, machining area, high spindle
speed, cause more cutting vibration to be produced. The broad vibration
phenomena known as "machining chatter" is brought on by the machine
tool and the machining conditions. Chatter is a relative structurally
generated vibration that occurs in the cutting zone between the work-
piece and the cutting tool. It has an impact on the workpiece’s surface
quality and dimensional accuracy, while vibration has an impact on tool
life and machine tool spindle during cutting [32]. In this study, the vi-
bration velocity was measured in units of millimeters/second (mm/s) in
the X and Z axes of the machine tool table and results are given in Fig. 7.
As seen in Fig. 7, vibration velocities in the X and Z axes of the machine
tool vise showed similar trends. Due to the rotation speed of the machine
spindle and the cutting forces produced, the vibration speeds occurring
in the X axis are higher than those of the Z axis. As seen in Fig. 7, the
maximum vibration velocity was observed under dry cutting, while the
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minimum vibration occurred in hot+Al;03-NMQL. In addition, gradual
decreases in vibration rates were obtained under PMQL, hot and NMQL,
hot+PMQL and hot+NMQL conditions compared to dry cutting. It is
thought that the cutting fluid delivered to the cutting zone with the MQL
method contributes to the reduction of friction coefficient, cutting force
and tool wear, and thus, significant decreases in vibration speed occur.
Possible mechanisms (tribofilm formation and rolling effect) thought to
occur on the contact surfaces have been further developed thanks to
Al,03 and SiC based nanofluids and have led to a further decrease in the
vibration velocity. Moreover, as a result of preheating with the external
heat source provided in the hot and hybrid cutting process (hot+PMQL
and hot+NMQL), the strength of the material has loosened, thus
reducing the cutting forces and consequently the vibration velocity.
However, the fact that the vibration reduction capability of
MWCNT-based nanofluids was worse than that of Al,O3 and SiC-based

nanofluids was attributed to the higher viscosity of the MWCNT-based
nanofluid.

3.6. Temperature

One of the key elements in determining the mechanism of the cutting
process is the cutting temperature. High cutting temperatures are pro-
duced at the tool/chip/workpiece interfaces as a result of the progres-
sive conversion of mechanical energy to thermal energy [33]. Fig. 8
depicts the areas of heat production that are created throughout the
machining process. The primary shear zone (zone '1’ in Fig. 8) un-
dergoes thermo-mechanical deformation, which contributes signifi-
cantly to the heat production. Other locations responsible for heat
generation are the tool-chip friction zone (zone ‘2) and the contact zone
between the tool and the newly formed surface (zone ‘3"). The heat
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generated is transmitted via cutting tool, workpiece and chips. Heat
transfer varies depending on the thermal and physical properties of the
workpiece and tool material as well as the machining conditions. The
main reason for the increase in cutting region temperature is the poor
thermal conductivity of Inc-718 (11.4 W/m-K) [34]. Although a signif-
icant portion of the heat is discharged along with the chips, the cutting
temperature can rise significantly [35].

In this study, during the milling of the Inc-718 an image of the
temperatures formed in the cutting zone by means of a thermal camera is
given in Fig. 9. Moreover, the maximum temperatures occurring under
each cutting environment are presented in Fig. 10. Accordingly, the
order of the environments responsible for the temperatures occurring in
the cutting zone from the highest to the lowest is hot!, hot-+MWCNT-
NMQL?, hot+SiC-NMQL3, hot+PMQL*, dry®, hot+Al,03-NMQLS,
MWCNT-NMQL’, SiC-NMQLE, PMQL® and Al,05-NMQL!?, respectively.
The absence of any cooling/lubrication agency and even the increase of
the material temperature up to a certain point by preheating caused the
cutting zone temperature to rise. However, it was observed that the
temperature was still above the dry cutting temperatures even if the
MWCNT-NMQL, SiC-NMQL and PMQL cooling/lubrication tools were
used with the preheating of the material. Thus, it can be said that after
the preheating of the material, the cooling of the cutting tool with these
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Fig. 8. Heat generation sources in metal cutting.
Reproduced from [27] and [36].

methods is insufficient. On the other hand, although there is preheating
in the cooling of the cutting tool, a lower temperature than dry cutting
was obtained only in the Al03-NMQL condition. Compared to SiC and
MWCNT doped nanofluids, the high pH value and lower viscosity of the
Al,03 based nanofluid played a critical role in penetrating the tool-chip
interface and reducing both friction and cutting temperature. Thanks to
Aly03-based nanofluid agency without preheating process, the lowest
cutting temperature once again demonstrated the effectiveness of AlOs-
NMQL compared to all other conditions. Through preheating process,
thermal softening of the Inc-718 is provided on the one hand, and the
temperature of the cutting zone increases on the other hand. However, if
the cutting tools are chemically stable and able to withstand thermal and
mechanically induced stresses, this makes a significant contribution to
the reduction of cutting forces, surface roughness and tool wear.
Therefore, the perfect planning of hybrid methods offers a balance be-
tween the material temperature and the cutting tool temperature, thus
increasing the machining efficiency.

3.7. Microstructural analysis by EBSD

In this section, the effect of preheating on the microstructure of the
alloy is investigated in detail. For this, hot, hot+MQL (hybrid) envi-
ronments were taken and compared with the dry environment.
Accordingly, Fig. 11 shows the microstructure of the machined Inc-718
under these environments i.e., dry, hot and hot+PMQL. The white re-
gions observed correspond to the o phase, while the dark regions
correspond to the p phase, and additionally, a co-axial microstructure is
evident. The optical images demonstrate a superficial material particle
flow in the cutting direction on the machined surfaces of the samples in
different cutting environments. This is due to the surface deformation
that occurs during milling. It can be observed that milling performed in
hot and hybrid environments did not result in any damage or recrys-
tallization in the machined surface and grain structures of the material.

Inc-718 alloy retains its physical behaviors at high temperatures.
However, the microstructural stability of Inc-718 alloy machined in
thermal-assisted machining environments is of great importance. The
preheating can induce several effects on the surface of workpiece ma-
terials, including thermal softening, grain refinement, and strain hard-
ening. These effects can have a negative impact on the microstructural
stability and compromise the superior properties of the material [18,
19]. Hence, it is of great importance to determine the effects of high
processing temperatures on the physical behaviors and microstructural
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stability of pre-heated Inc-718. In order to thoroughly evaluate the ef-
fects of hot machining on the microstructural behavior of the subsurface
of the machined Inc-718, an EBSD analysis was conducted. For this
analysis, Fig. 12 shows the scanned area.

Fig. 13 presents Euler-colored maps and phase distribution maps,
which provide a visual representation of the microstructure state in
different milling environments, namely dry, hot, and hot+PMQL. These
maps provide a fundamental overview of the scanned area. Euler angles
used in EBSD models are employed to characterize a crystal orientation
and cover the following ranges: 0 < ¢pla < 360, 0 < ®da < 180, and
0 < $p2a < 360. For each map, the coloring is based on the

determination of the crystal orientation and the selection of the orien-
tation of the reference samples. The analysis of the Euler color distri-
bution reveals that the hot milling process had an unnoticeable impact
on a specific region, extending from the surface of the workpiece to a
depth of approximately 14.47 pym into the main material.

Fig. 14 illustrates the phase maps of samples subjected to dry, pre-
heated, and hybrid machining conditions. In the phase color maps, the
regions displaying phase distribution and those affected by temperature
during the hot and hybrid milling processes are indicated by the color
black.

Fig. 15 showcases in-situ IPF (Inverse Pole Figure) orientation maps,
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which display the crystal orientation of machined Inc-718 under dry,
pre-heated, and hybrid milling conditions. The IPF color scheme is
employed to facilitate the interpretation of color changes, disregarding
minor directional variations. Different colors within the map represent
distinct crystal orientations, while the uniformity of color within a grain
indicates well-aligned grains. This information can be used to under-
stand the mechanical properties of materials and to optimize the
machining process. In the case of dry milling, the uniform color for-
mation indicates that the grains are well-aligned and unaffected by
unfavorable milling parameters.

The IPF maps clearly demonstrate that each grain exhibits a consis-
tent color and uniform orientation, indicating a well-aligned micro-
structure. Consequently, upon comparing dry milling with hot and
hybrid milling conditions, it becomes evident that the impact of heat is
limited and insignificant, affecting only a small region of the material.

The distance between the machined surface and the main material,
which is affected by heat, was measured as 14.47 ym. As can be seen in
Figs. 13-15, a limited area is affected by heat in the hot machining
environment, while the rest of the material has the normal structure of

Fig. 14. Phase color distribution maps in the machining of a) Dry, b) pre-heated, and c¢) hot+PMQL.

10



M. Bilgin et al.

Tribology International 191 (2024) 109120

Fig. 15. The crystal orientation maps for the different machining conditions, (a-c) X, (d-e)-Y.

the base material. The IPF maps obtained from the hybrid machined
surface revealed the presence of a recrystallized grain structure. This
recrystallized grain structure had a depth of 8.39 um and a length of
21.55 ym. The crystal orientations of the pre-heated and hybrid
machined Inc-718 alloy are highly similar to that of the dry-machined
alloy. This similarity indicates that the removal of the heated layer
from the workpiece during the milling process contributes to the pres-
ervation of the microstructure. Furthermore, it was observed that the
implementation of the MQL system in the hybrid milling process offered
an additional enhancement compared to pre-heated milling. This
improvement is attributed to the lubrication and cooling effect provided
by the MQL, resulting in improved machining conditions and potentially
better outcomes.

3.8. Microhardness

At elevated temperatures, the grain size on the machined surface
tends to increase due to the influence of machining temperatures.
Simultaneously, the hardness of the material tends to decrease. During
chip removal, the cutting tool applies a force on the workpiece surface,

11

which has the potential to cause damage to the grain structure. How-
ever, rapid cooling of the workpiece material can lead to a decrease in
grain size, resulting in grain refinement and an increase in the machined
surface hardness. As a result, the choice of machining conditions is
crucial to avoid any detrimental effect on the mechanical behaviors of
the workpiece. When analyzing the grain structures, it becomes
apparent that the microstructures achieved in pre-heated and hybrid
machining environments exhibit similar behaviors to the workpieces
machined at room temperature. This shows that the selected cutting
environments, especially pre-heated and hybrid machining, can pre-
serve the desirable microstructural characteristics of the material
without compromising its mechanical properties. However, EBSD
analysis reveals grain refinement in a region approximately 5.2 ym deep
between the surface of the material machined under dry conditions and
the main material resulting in higher hardness on the machined surface.
Therefore, in addition to EBSD analysis, surface, and sub-surface hard-
ness measurements were conducted to compare the influence of the
cutting environments on the machined workpiece.

Fig. 16 depicts the average hardness values measured from the
machined surface. The highest hardness values were recorded in the
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experiments conducted at room temperature for dry, MQL, and ceramic
particle reinforced MQL milling processes, respectively. However, in the
case of pre-heated, hybrid, and pre-heated ceramic particle-reinforced
hybrid machining agencies, the hardness values of the machined sur-
face decreased compared to the hardness of the unmachined material
because of preheating. Consequently, the preheating process caused a
decrease in the hardness of the machined surface, while it caused an
increase in the milling tests performed in dry conditions. The optical
images and hardness values provide evidence that the preheating pro-
cess did not negatively impact the physical behavior of the Inc-718 alloy.
These findings align with the EBSD analysis and can be stated as the
removal of the material layer exposed to heat during the milling process,
along with the chip.

4. Conclusion

The results obtained in the study can be drawn as follows:

A slight decrease was observed in the Ph values of SiC and MWCNT-
based nanofluids compared to the pH value of the base fluid, while
the pH value of the Al;Os-based nanofluid increased more signifi-
cantly. Compared to the base fluid, the viscosity of the Al;03, SiC and
MWCNT-based nanofluids increased by 8.3%, 350% and 903%,
respectively. Therefore, the more reasonable dynamic viscosity with
Al,03-based nanofluid was obtained compared to others.

Thanks to the applied heating, lubricating, and heating+lubricating
(hybrid) agents, the surface roughness has been significantly
reduced. Compared to dry cutting, reductions in surface roughness of
37.5-62.8% have been achieved. Maximum improvement in surface
roughness was occurred under hot+Aly03-NMQL environments.
Preheating the Inc-718 workpiece before machining was also very
effective in reducing the cutting forces. In particular, the hybrid use
of AlpO3 based nanofluids with pre-heating support during
machining of Inc-718 further improved the reduction in cutting
forces.

From the SEM observations, the BUE and BUL formations on the
cutting tools proved that the adhesion wear mechanism was quite
dominant. Preheating of the material in the hot milling process has
led to an increased tendency to adhere. Although BUE and BUL
formations were also observed in hot+SiC-NMQL and hot+Al5Os3-
NMQL hybrid environments, their size was limited due to the more
effective penetration of nanofluids into the tool-chip-workpiece
interface.

e The maximum vibration velocity was observed under dry cutting,
while the minimum vibration occurred in hot+Al;03-NMQL. In

Tribology International 191 (2024) 109120

addition, considerable decreases in vibration rates were formed
under hot, hot+PMQL and hot+NMQL conditions compared to dry
cutting.

e The maximum cutting temperature was found in the hot cutting

environment, and the minimum temperature was recorded under the

Al;03 based nanofluid.

The analysis revealed well-defined o and B phases alongside an

evident co-axial microstructure within the material. Particle flow

observed on the machined surfaces indicated surface deformation
resulting from milling, yet notably, no damage or recrystallization
occurred in the hot and hybrid machining environments.

e EBSD analysis and phase distribution maps showed that localized

heat effects occurred on a limited material region.

In-situ IPF orientation maps demonstrated consistent crystal orien-

tations and well-aligned microstructures across various machining

scenarios. The influence of the pre-heating process was confined to a

localized region of the material, attesting to the effectiveness of

certain machining environments in preserving material integrity.

e The consequential relationship between hardness and microstructure
showed that the preheating process had a limited effect on the
hardness of Inc-718. Cutting environment choice influenced hard-
ness and microstructure; preheating process decreased hardness but
preserved mechanical properties. The removal of heat-affected layers
during milling contributed to the maintenance of desirable material
attributes.
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