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The demand for additive manufacturing (AM) technology is recently increased in the aerospace, biomedical, and
automobile sectors due to the capability of producing complex components with zero tolerance. However, the
small or precise part manufactured by AM process needs post-processing such as machining, polishing, etc.
because of the poor surface quality characteristics. Therefore, in this paper, the micro-milling was performed on
additively manufactured Inconel-718 alloy under different sustainable cooling conditions. The tool wear, surface
roughness, and burr generated during micro-milling experiments were investigated under the effect of air,
minimum quantity lubrication (MQL), and flood cooling conditions. The results demonstrated that the MQL
conditions provide the proper cooling and lubrication effect, and this results in improved tool life (which is
almost 45% higher compared to dry conditions. MQL also improved the product quality in terms of surface
roughness (almost 65% less surface roughness). Other machining characteristics, such as burr width and cutting
forces, were also improved in MQL and flood environments. However, it was noticed that milling with a chilled
air environment has not given any significant improvement in terms of machining characteristics.

1. Introduction
Due to their exceptional mechanical and physical qualities, nickel
alloys are extensively employed in the aeronautical, chemical, auto
motive, aerospace, and medical industries [1–3]. They have higher
machining temperatures, and lower cutting forces, due to their lower
thermal conductivity, [4] and also have the ability to sustain strength at
high temperatures, high chemical reactivity, and severe work hardening
[5–7]. Traditionally, the forging technique has been one of the most
frequent methods for producing nickel parts. Recently, additive
manufacturing (AM) techniques have been employed to manufacture
various components consisting of nickel and titanium alloys [8]. Horn

and Harrysson [9] describe how AM technique utilizes a laser-based heat
source to melt the metallic powders which is then followed by layer by
layer formation in any direction to build the components with complex
shape. As a result, AM methods can attain a high degree of freedom,
allowing for the production of complicated parts with minimum mate
rial waste and great productivity [10–12]. Despite their benefits, AM
components often have inadequate surface quality and are also near
net-shaped in most circumstances. Brinksmeier et al. [13] suggested that
the subsequent machining procedure is still required to attain adequate
surface quality and part precision.
Micro-milling has a number of advantages over other non-traditional
micro-machining technologies, including a high material erosion rate,
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process flexibility, low setup costs, and the ability to work with an
almost limitless variety of materials. By using micro-milling, the pro
duction of three-dimensional (3D) parts on micro-scale, turn out to be
feasible and it also can be accomplished at a lower cost and in less time
[14,15]. Poor surface smoothness, size effect, minimal chip thickness, up
and down milling burrs, limited tool life, and speedy tool breakage
become obvious as the macro scale is lowered to the micro scale [16].
The complexity of micromachining increases dramatically if the working
material is a difficult to cut metal alloy. Researchers have documented
numerous beneficial approaches for improving the machinability of
materials over the years, including process optimization, cryogenic tool
treatment, and lubrication approaches [17–19]. However, most of the
researchers have observed that the application of proper lubrication
techniques are the most effective ways to improve the efficiency of
machining processes [20,21].
The advanced manufacturing industry is continuously seeking for
alternate sustainable methods of machining with environmentallyconscious oil consumption and mineral coolants disposal objectives,
without compromising their efficiency [19,22,23]. In this context, the
MQL and cryogenic techniques under continuous machining have been
studied [24–26]. Sun et al. [27] studied the impacts of different cooling
conditions including MQL, dry, and flooded lubrication methods on
machining titanium alloy observing that with increased lubricant cool
ing, the MQL technology can effectively improve tool life and minimize
the cutting forces. Li et al. [28] investigated the machining of Inconel
718 MQL employing an uncoated carbide tool and they find that the
most noticeable kind of wear is flank wear, and the MQL method greatly
enhances the life span of tool. Da Silva et al. [29] studied the impacts of
wet, dry and MQL lubricating methods on the machining performance of
carbon steel and discovered that a reduction in MQL flow rate is ad
vantageous for maximizing machining length and materials removal
rate (MRR). As a result, they recommend use of MQL technique for hard
material machining. Liu et al. [30] explored the impact of MQL on
cutting forces (CF) and surface roughness (SR) was carried out while
processing a titanium alloy, and observed that even minor changes in
spray pressure, MQL flow rate, and the nozzle angle made a substantial
impact on machining responses. The adjustment in the flow rate of MQL
from 2 to 14 mL/h induced a significant decrease in the values of SR and
CF. Cai et al. [31] studied the relationship between chip length and oil
flow rate. Initially, the manufacturing researchers discovered that the
lubricant flow rate made a modest impact on chip length. The chip
length reduced when the oil flow rate was raised by 10 milliliters per
hour. Zhang et al. [32] discovered that the cutting tool damage was
primarily caused by high chipping. When compared to dry machining,
the MQL process can extend tool life by 1.57 times. Ucun et al. [33]
performed the micro milling experiments on Inconel 718 under dry,
MQL and cryogenic cooling conditions. They determined that the MQL
provides a higher tool life with decreasing SR and burr formation values.
Hassanpour et al. [34] also perform the high speed milling experiments
under MQL conditions and the surface characteristics were investigated
under these investigations.
Therefore in present work, the micro-milling of additively fabricated
Inconel 718 was performed using a fine pressurized mist of MQL, sus
tained lubri-cooling medium. Furthermore, the coated tungsten carbide
tool for its usefulness in terms of surface quality and diameter reduction
burr creation is tested. Then, tool wear is also assessed in various
lubricant-cooling mediums to guarantee optimum lubricant selection for
improved, productive, and stable sustainable nickel alloy machining.
This study provides different material properties associated with the
effects of the ultra-refined grain size particles during the micro-milling
on an additively manufactured nickel alloy under dry, flooded, chilled
air, and MQL circumstances. The findings of this study provide insights
on the use of sustainable lubricant-cooling mediums in the micro-milling
of additively built aerospace materials having a high potential for
improving machinability.

Fig. 1. a) Microstructure of IN 718 manufactured by SLM method, b) IN 718
powder, c) EDS spectra of IN 718 powder composition.
Table 1
Mechanical properties of SLM Inconel 718.
Properties

Units

Specific gravity
Thermal conductivity (W/mK)
Density (g/cm3)
Ultimate tensile strength (MPa)
Yield strength (MPa)
Melting range (◦ C)

8.19
6.5
8.192
1035
725
1370–1430

2. Materials and methods
2.1. Additive manufactured Inconel 718
The present work deal with the machining of highly used nickel
based alloy i.e., Inconel 718. For this purpose, the Selective Laser
Melting (SLM) technology was employed and the composition (nickel
(52%), chromium (20%), Niobium (5.5%), and Molybdenum (3%)) and
microstructure of the elements presented in this alloy is shown in Fig. 1.
The mechanical properties of the investigated SLM fabricated samples
are stiffness, hardness, strength, and ductility in contrast with the same
of bulk material collected from previous literature (Table 1) [35]. The
SLM sample has 400HV micro-hardness compared to 350HV of annealed
nickel alloy. These samples also have 1200 MPa ultimate tensile strength
(UTS), 1035 MPa UTS of annealed one. The density of the investigated
samples is 7.9 g/cm3 compared to 8.192 g/cm3 of the annealed nickel
alloy, which essentially shows a lighter and stronger SLM nickel alloy
than annealed nickel alloy.
The SLM RAP IV 3D printer along with 20–30 µm grain nickel alloy
powder, is used to manufacture the IN 718 slab/block with dimensions
of 80 mm (L), 20 mm (B), and 10 mm (H). SLM nickel alloy was printed
with 130 W laser that has a scanning speed of 1200 mm/s, and 30 µm of
layer upon layer. Vickers indentation tests (Mitutoyo HM-21, made)
were performed to determine the specimen’s micro-hardness. For
average results, a 10 N force was supplied over 20 s time at 10 separate
2
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Table 2
Technical specifications of micro milling cutting tool.
Diameter (D)
(mm)

Length of cutting edge (l)
(mm)

Neck taper angle
(γ)

Shank diameter (d)
(mm)

Overall length (L)
(mm)

Number of
flutes

Tool material

Coating
material

0.5

0.7

9◦

4

45

2

Cemented
carbide

TiAlN

Fig. 2. Images of micro end mill used in cutting experiments.

Fig. 3. Micro-end milling slots fabricated with constant cutting parameters.

positions. The micro-Vickers hardness of the work material was acquired
to be 395 HV and it was close to the range of hardness discussed in the
literature.

flatness and alignment, the workpiece surfaces were accurately milled.
In the cutting tests, the two-flute carbide flat bottom end mills having
grain size ranging from 0.2 to 0.5 µm and diameter of 500 µm ± 10 µm
was adopted. Table 2 provides information on the technical features of
employed in micro end mill. Scanning electron microscope (SEM)
technique was used to examine the micro-tools before stating the cutting
operations. The mean corner radius of the micro-tool was 5.1 µm
± 0.4 µm, and the edge radius was 2.2 µm ± 0.2 µm (Fig. 2).

2.2. Micro-milling tests
On the table of the micro-four-axle end milling machine, a rectan
gular block of Inconel alloy 718 was mounted on the fixture. To ensure
3
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Fig. 4. a) Measurement of surface roughness in micro slots, b) Measurement of burr width at slot edges.

Fig. 5. Experimental setup used in this work.

This experiment was performed under four different cutting condi
tions: dry, flooded, cold air, and MQL. The experiments were carried out
with a MQL setup (Coolubricator, UNIST) after dry and flooded
machining. Biodegradable Coolube 2210 lubricant was utilized in the
MQL setting. To provide the best lubri-cooling effect, the MQL aerosol
was sprayed directly onto the cutting surface. Furthermore, according to
the literature review, the MQL method used a 4 mL/h oil flow rate and a
4 bar air pressure. The nozzle is placed at a 45◦ angle, with a 15 mm
space between the nozzle and the work piece (Fig. 3). A Kistler 9119AA1
mini dynamometer was used to monitor cutting forces during micromilling. An amplifier was used to transform the cutting force signals
to force measurements, which were then recorded using Dynoware
software (Fig. 3).
Areal surface roughness of the slots was obtained by threedimensional surface scanning along the width of the slot (Fig. 4a)
using Nanovea-ST400 3D Optical profilometer. SEM technique was
preferred instead of optical microscope for the burr widths formed at the
slot edges. Burr width measurements were performed using Screen
Caliper software on the SEM images (Fig. 4b). Five measurements were
collected at different points along the slots for tool wear using a USB
microscope positioned at a fixed point in the experimental setup. After a
certain cutting distance, the experiment was stopped, and the mea
surement was carried out by bringing the tool to the microscope posi
tion. Fig. 2 depicts the experimental setup adopted in the current
investigation.
Micro milling tests were carried out using an experimental setup
designed to cut at fast speeds and with high precision (Fig. 5) on a
horizontal, three-axis machining center with a maximum 60,000 rpm
rotation speed of the spindle and a 0.1 µm axis resolution, and 0.4 µm
repeatability accuracy. The cutting tool had a maximum radial deflec
tion of 3 µm. Cutting force tests were carried out at least three times,
with the average of the three findings reported. The purpose of this study
is not to observe the effects of cutting parameters. For this reason,
constant cutting speed, feed rate and depth of cut were selected, taking

Fig. 6. Resultant cutting force variation with cutting distance for different
cutting conditions.

into account the cutting parameters recommended by the tool manu
facturer. The dimensions of the sample are 10×10×30 mm. Tool wear
experiments, conducted with constant cutting conditions (speed=
40,000 rev/min, depth of cut= 100 µm, and feed rate= 1 µm / tooth)
aimed in micro milling of 10 mm long full immersion slots.
2. Results and discussions
2.1. Cutting force analysis
High rotating speeds used in micro-milling procedures may develop
tool wear in a shorter time frame [36]. Cutting forces rise as a result of
the change in tool shape, and the tool may potentially break. In tool
wear testing, the fluctuation of cutting forces was achieved for constant
cutting parameters in this study (Fig. 6) considering the amplitudes of
the Fx and Fy forces. In addition, the resultant cutting force was
4
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results obtained in this study, if enough boron oil is used for minimum
tool wear, i one can obtain a result close to MQL. Considering the
environmental effects of flooding with MQL, it should of course be
emphasized that the MQL method is a more environmentally friendly
method. Cutting with chilled air is as environmentally friendly as MQL.
However, it did not perform as well as MQL in terms of tool wear. After
the cutting operation, SEM analysis was used to show the different forms
of wear on the cutting tools (Fig. 8). Tool wear is clearly reduced in
cutting operations when MQL and flood techniques are used. The SEM
pictures also show that tool wear during chilled air cutting is largely the
same as tool wear during dry cutting.
The results of the tests indicate that the cooling process employed in
micro milling has no major impact on the tool wear. It can, however,
assist in the removal of chips from the cutting zone. In the micro milling
of Inconel718, lubrication has also been proven to be more beneficial.
2.3. Tool wear and its mechanism
During this investigation, the development of adhesive wear upon
the rake face of the milling tool was demonstrated by SEM images. The
adhesive layer of the workpiece material was also identified using the
tool material’s EDX spectrum (Fig. 9). Moreover, the adhesive layer
constituted of TiAlN layer and Inconel 718 components has been found
by the EDX spectrums to indicate the cutting tool is wrapped around the
substrate. As a result, the carbide substrate material is revealed, and a
similar event occurs several times throughout the machining process.
Bhatt et al. [39] discovered that increased pressure and temperature at
the tool-workpiece contact aid the welding process between the tool and
the materials under investigation. During the machining process, the
adhesive layers and parts are removed and replaced with a new layer.
However, the freshly produced layer is reinforced by the preceding layer
as a result of the partial substitution, which exerts a significant pressure
on the cutting instrument. When subjected to intense cutting circum
stances, a thicker and stronger adhesive covering flakes off in the form of
huge chunks, whereas a much thinner layer is more likely to flake off in
the form of tiny chips towards the insert’s edge. Furthermore, earlier
study has demonstrated that the adhesive derbies cling to the tool’s edge
due to the machining force delivered to the rake faces. Thus, even at
moderate cutting speeds, the possibility of forming built-up layers (BUL)
exists. Due to the adherence-prone nature of Inconel 718 and its high
toughness, the BUL is particularly noticeable towards the depth of cut
lines due to the elevated machining forces. Meanwhile, Knight and
Boothroyd [40] demonstrated a distinct mechanism in the development
of sticky layers, and determined that the high chemical affinity rela
tionship between the workpiece material and the substrate is a key
aspect in explaining adherence.
Furthermore, the SEM pictures of the end mills show that abrasive
wear particles are present on the substrates. According to previously
published study, the many carbide components in Inconel generate
grooves, scratches, and breaks on the tool’s surfaces. The abrasive wear
on the insert is caused by increased friction between the workpiece’s
surface and the chips. The various carbide components in the examined
workpiece often act as abrasives, resulting in visible cracks in lengthy
strips. The carbide particles are the most stable since they are made up of
incredibly strong compounds and elements. These particles have a high
melting point as well as a high strength. These hard particles generally
come into contact with the tool substrate material during milling op
erations, which tends to grate the surface and causes wear. Similar to our
findings, Sen et al. [41] discovered that the hard grains of carbide
included on the heat resistant super alloys formed cracks, streaks, and
dragging marks present on the tool surface, resulting in a reduction in
the tool’s fatigue strength. As a result, while the cooling or lubricating
medium does not appear to influence the mechanism of tool wear, it
does have a significant impact on reducing the rate of wear.

Fig. 7. Relationship between tool diameter and cutting length with respect to
constant machining parameters.

obtained by using the Fx and Fy forces. In micro-milling, the resulting
cutting force can be utilized to calculate the specific cutting energy
consumption [37]. The first finding that stands out in Fig. 6 is that the
largest resultant force is obtained under dry cutting circumstances. At a
cutting distance of roughly 150 mm, the effect of the cutting condition
on the cutting force is very noteworthy. At the beginning of cutting, the
cutting forces achieved for MQL and flood are approximately three times
smaller than for dry cutting. In cutting conditions other than dry cutting,
the cutting force increases with a smaller rate of increase as cutting
distance increases (i.e., it has a concave shape. Cutting forces are shown
to fluctuate relatively little after a cutting distance of around 200 mm in
cutting conditions other than dry cutting. On the other hand, cutting
forces increase with a higher rate (i.e., as a convex shape) under dry
cutting conditions.
2.2. Tool wear analysis
This study performs an in-depth experimentation on the impact of
the cooling or lubrication strategies on tool wear on a same length cut.
Fig. 7 shows the relationship between tool diameter and cutting length.
When cutting with MQL and flood, tool wear is minimum; however,
when cutting in dry conditions, tool wear is the highest. This occurs
because MQL significantly reduces the coefficient of friction at tool-chip
interface, since the abrasive effect of hard particles on material micro
structure is minimized. Consequently, a decline in the micro-wear of tool
is observed. When cutting in dry conditions, another interesting dis
covery is the rapid decline in tool diameter, which can be up to half the
cutting length. In flood cutting, this amount of reduction is minimal. As
is well known, the cooling process indirectly contributes to tool wear by
preventing reaching higher tool oxidation temperature. In another
experiment, the temperature induced during the micro milling is
observed to be much lower than the traditional milling. As a conse
quence, the induced temperature within the cutting zone is lower than
the tool’s oxidation temperature. This demonstrates that the adhesive
wear mechanism is superior at reducing cutting tool damage [38].
Because of the accessibility issue, boron oil is rarely utilized in the
micro-milling process to prevent wear. However, according to the
5
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Fig. 8. Types of tool wear produced under different cooling conditions.

2.4. Surface roughness analysis

represents the relationship between areal surface roughness (Sa) and
cutting length under various cutting conditions. Surface roughness
measurements were taken at the first slot’s entrance and exit, but only at
the tool exit of the subsequent slots (Fig. 10). The area indicated by the
red dashed line in Fig. 10b shows the measurement area and its size is
400×300µm. In Fig. 10a, the Sa values taken from the input and output
of the first slot are maximum under all cutting conditions. Sa values
decrease with increasing cutting distance. After cutting distance of
200 mm, Sa values increase in cutting operations with dry and chilled
air. On the other hand, Sa values increase after 500 mm in cutting

Roughness of the machined surface is measured from baseline to
valley to determine the height of the peak. During the machining pro
cess, all of the researchers have the same purpose in sight: to lower the
surface roughness value. Feed rate, cutting speed, cutting length, depth
of cut, tool coating material, and lubricating medium are the variables
that directly influence surface roughness. Current research, on the other
hand, is primarily focused on two variables: cutting length and lubri
cating solution, with all other properties remaining unchanged. Fig. 10
6
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Fig. 9. SEM and EDX analysis under different cooling conditions.
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Fig. 10. a) Relationship between surface roughness and cutting length with respect to constant machining parameters, b) Regions where surface roughness mea
surements are taken from micro slots,.

Fig. 11. Variation of Ra values across the micro slot width for different cutting conditions.

operations with MQL and flood. The surface roughness value is
maximum at the first 200 mm cutting distance, according to dry cutting
tests. However, the Sa values are larger in the cutting process with
cooled air since the cutting distance improves. In the MQL cutting pro
cess, the roughness value is very similar to that of flooded conditions.
Furthermore, during the cutting process by using traditional cutting
fluid, the disparity between the minimal and maximal values of Sa is the
greatest. The data that the oil generates an unstable surface configura
tion by limiting chip removal and attaching the chips to the interface
between chip and tool can be used to explain this. As a result, the MQL
method involves spraying an oil-air mixture into the cutting zone at a
precise pressure, resulting in quick chip removal.
Fig. 11 depicts the variation in mean surface roughness along slot
width for each cutting condition. Unlike Fig. 10, arithmetic roughness
(Ra) values were taken linearly and along the slot width. Fig. 11 also

gives the Ra values at the entrance of the 1st slot (cutting distance 2 mm)
and the output of the last slot (cutting distance 638 mm) where the
cutting process first started. In all cutting situations, the Ra values are
high in the regions where the tool begins and finishes. This situation is
seen more clearly especially in dry cutting conditions. For each cutting
condition, there is a noticeable difference between the worn and new
tool in the middle region of the slot (the non-colored region). For
example, under Flood and MQL conditions, Ra values in the middle of
the slot are similar for new and worn tool. However, Ra values for new
and worn tool differ in dry and chilled air conditions. In dry cutting, the
new tool has a higher Ra value in the center region of the slot than the
worn tool. On the other hand, Ra values in the worn tool in chilled air
are much higher than in the new tool.
Tool corner radius and edge radius are two essential geometric pa
rameters that determine surface roughness (SR) in micro milling. When
8
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Fig. 12. Influence of tool corner and tool edge radius on surface roughness.

cutting with a new tool, surface roughness values increase when the tool
corner radius is smaller because the tool is not worn (Fig. 12a). In the dry
cutting conditions (see Fig. 11), the Ra value in the middle region of the
slot decreased with tool wear, since the wear in the tool corner radius
was more dominant than the edge radius (Fig. 12b). In addition, a

significant amount of chip adhesion occurred on the surface of the slot
machined in chilled air. It is thought that chip adhesion is effective with
increasing Ra values. Tool edge radius affects the area where plowing
occurs in the machined slot, causing an increase in surface roughness. In
Fig. 8, the tool edge radius increases for each cutting condition. As a
9
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Fig. 13. Relationship between burr width and cutting distance with respect to constant machining parameters.

Fig. 14. Pushing force contributing to burr formation in up and down-milling.

result, the tool’s sharpness deteriorates, and the gap between the un
damaged chip thickness and the edge radius grows in the area where the
plowing occurs (Fig. 12c-d). As seen in Fig. 11, the Ra values in the upmilling and down-milling regions are higher for the worn tool under all
cutting conditions.

large values of burr width. While up-milling, tool rotations tend to affect
the instantaneous undeformed chip thickness, and tool movement
gradually increases from zero to feed per tooth (fz). The greatest un
deformed chip thickness (ie fz) is reached at a 90◦ tool turning angle.
The chip thickness eventually drops to zero on the down-milling side
(Fig. 14). When the instantaneous undeformed chip thickness surpasses
hmin, chip formation begins. On the up-milling side, the previously
formed cutting pass (ith) is pushed by the next cutting pass (i + 1th). This
helps to separate the chip as the undeformed chip thickness ith is higher
for i + 1th. The uncut chip thickness reduces with tool rotation on the
down-milling side. As a result, the force that the ith layer exerts on the
i + 1th layer is reduced (Fig. 14) [42]. Some chips are unable to detach
from the workpiece due to a lack of momentum and some of these chips
are unable to be entirely removed from the workpiece, and burrs remain
attached to the edges. As a result, the upper burr on the down milling
side is significantly higher than on the up milling side [43].
SEM pictures of burr widths at slot edges after micro-milling are
shown in Fig. 15. Burr pictures are shown in Fig. 15 at the start of the
cutting operation (1st slot) and at the completion of the cutting pro
cedure (2nd slot) (last slot). The formation of a burr was observed in all
cutting operations. However, when cutting with MQL and flood tech
niques, the minimal burr width/formation is attained. In these cutting
conditions, the cutting tool generates some abrasive wear, and the tool’s
first clearance angle has been vanished. As a result, a negative rake angle
cutting edge was created. The cutting tool becomes circumferentially
worn as a result of abrasive wear, and the radius of the edge rises. The
sharpness of the cutting tool’s edge deteriorates. The burr is forced to

2.5. Burr width analysis
Burrs formation is also one of the important factors during
machining because it’s directly influence the quality of micro-machining
operation. Due to the small size of its features, such as holes and slots,
removing burrs from micro-scaled parts is extremely challenging. As a
result, burr formation is indeed a key component in deciding product
quality. For each cutting condition, Fig. 13 depicts the variance in
maximum top burr width as a function of cutting distance. First, notice
how much wider the burr widths are on the down-milling side, where
the maximum burr width was obtained under dry cutting circumstances.
However, under chilled air cutting circumstances, the highest burr
width was reached on the up-milling side. The burr widths attained in
MQL are minimum on both the up-and down-milling sides, and are twice
as small as in dry cutting. Tool wear is one of the reasons that causes burr
formation in micro milling. The cutting tool loses its sharpness as a result
of excessive tool wear, and burr development increases [33]. According
to the results obtained in Fig. 13, the burr sizes on the up-milling side are
not affected by tool wear. However, burr widths on the down-milling
side increase with increasing tool wear.
Under all cutting circumstances, the downside milling produces the
10
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Fig. 15. SEM of burr width under different cooling conditions.
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form at the slot’s machined surface rather than the slot edge in the
milling direction. In addition, the burrs have now been pushed to adhere
to the slot’s machined surface. The bottom burr is known as the term for
this particular sort of burr. The surface quality of the present operating
slot deteriorates as a result of the bottom burr development. These re
sults are consistent with the previous findings [44,45]. With the
exception of MQL, it is obvious that the cutting operation comes in the
form of plowing. Under the MQL condition, this is related to reduce tool
wear.
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