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Abstract: Inconel 718 (IN718), a Ni-based superalloy, is immensely popular in the aerospace, nuclear,
and chemical industries. In these industrial fields, IN718 parts fabricated using conventional and
additive manufacturing routes require subsequent machining to meet the dimensional accuracy
and surface quality requirements of practical applications. The machining of IN718 has been a
prominent research topic for conventionally cast, wrought, and forged parts. However, very little
attention has been given to the machinability of IN718 additively manufactured using laser metal
deposition (LMD). This lack of research can lead to numerous issues derived from the assumption
that the machining behavior corresponds to conventionally fabricated parts. To address this, our
study comprehensively assesses the machinability of LMDed IN718 in dry and minimum quantity
lubrication (MQL) cutting environments. Our main goal is to understand how LMD process variables
and the cutting environment affect cutting forces, tool wear, surface quality, and energy consumption
when working with LMDed IN718 walls. To achieve this, we deposited IN718 on SS309L substrates
while varying the following LMD process parameters: laser power, powder feed rate, and scanning
speed. The results unveil that machining the deposited wall closer to the substrate is significantly
more difficult than away from the substrate, owing to the variance in hardness along the build
direction. MQL greatly improves machining across all processing parameters regardless of the
machining location along the build direction. Laser power is identified as the most influential
parameter, along with the recommendation for a specific combination of power feed rate and scanning
speed, providing practical guidelines for optimizing the machining process. While MQL positively
impacts machinability, hourly energy consumption remains comparable to dry cutting. This work
offers practical guidance for improving the machinability of LMDed IN718 walls and the successful
adoption of LMD and the additive–subtractive machining chain. The outcomes of this work provide
a significant and critical understanding of location-dependent machinability that can help develop
targeted approaches to overcome machining difficulties associated with specific areas of the LMDed
structure. The finding that MQL significantly improves machining across all processing parameters,
particularly in the challenging bottom region, offers practical guidance for selecting optimal cutting
conditions. The potential economic benefits of MQL in terms of tool longevity without a substantial
increase in energy costs is also highlighted, which has implications for incorporating MQL in several
advanced manufacturing processes.

Keywords: Inconel 718; laser metal deposition (LMD); additive manufacturing; machinability;
minimum quantity lubrication (MQL); tool wear; cutting forces; energy consumption
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1. Introduction

The utilization of laser metal deposition (LMD), a variant of the directed energy de-
position (DED)-based additive manufacturing (AM), holds widespread potential for the
manufacture, remanufacture, and repair of critical high-value-added components [1], and
the fabrication of wear- and corrosion-resistant coatings [2]. Owing to the flexibilities and
benefits like high power density, production and geometric freedom, stability, controllabil-
ity, low thermal input (i.e., small heat-affected zone), strong metallurgical bonding, less
post-deposition deformation, ability to process difficult-to-machine materials (e.g., Ti alloys,
Ni-based superalloys), and low buy-to-fly ratio (~1.5:1) [3], LMD has anchored its position
as a competitive and highly versatile AM technology [4]. The LMD process, due to its
highly localized deposition nature, allows for the addition of the right material at the right
place for components with different degrees of geometrical complexity [5]. The process
can produce parts with almost 100% density and reliable metallurgical properties that
meet the requirement for direct usage, thus enabling the preceding use of costly forming
dies and tooling [6]. Despite the multiple technological advantages, the surface quality
and dimensional accuracy of the parts fabricated via LMD do not meet the geometrical
and mechanical requirements of practical applications [7], thereby necessitating a sub-
sequent post-processing or finishing step. AM using LMD typically produces surfaces
with an average roughness of ≥10 µm [7], whereas most mechanical systems in critical
applications require much smoother surfaces [8]. Although laser-based surface finishing ap-
proaches like laser re-melting [7] and laser polishing [9] exist, the achievable improvement
in surface roughness more often than not satisfies the stringent requirements of interna-
tional standards. Thus, part fabrication using LMD almost always requires a successive
end-machining process.

LMD-based AM is being rapidly adapted for fabricating and repairing high-performance
alloys [10]. Among several of these alloys, Ni-based superalloy Inconel 718 (IN718), ubiqui-
tous in industrial gas turbines, jet engine components (turbine blades, disks, shafts, stators,
and casing), nuclear power plant components, supporting structures, and pressure vessels
in aerospace and oil and gas sectors [11], has received extensive attention. While the AM
of IN718 parts with the LMD technique is ever-increasing, challenges pertaining to its
machinability remain unresolved, leading to the significant usage of resources and costs in
terms of tool wear, material waste, and lead time [12]. Thus, even though the LMD process
is often deemed vastly productive, the productivity of LMD for IN718 remains a critical
factor that merits further investigation.

IN718, despite its exceptional properties, is among the most difficult-to-machine
materials [13]. Due to the high concentration of alloying elements, IN718 resists plastic
deformation during machining, leading to rapid strain hardening [8]. Under such situations,
the machining of IN718 often leads to the formation of undesirable residual stresses and
dimensional inaccuracy. In addition, the poor thermal conductivity of IN718 results in a
rapid temperature rise of the machined surface, leading to degraded surface quality and
occasional burns [14]. Machinability of IN718 fabricated by conventional and DED AM
routes has been evaluated and compared in limited studies in recent years. Bagherzadeh
et al. [15] reported that IN718 deposited via selective laser melting and DED parts is easy
to machine compared to the wrought alloy, especially for machining with lubrication.
However, in the case of dry machining, a larger cutting force was reported for laser-clad
IN718 compared to the wrought parts, owing to differences in grain geometries [16]. The
machinability of DED IN718 parts improves with high-temperature machining (400 ◦C) of
the fabricated parts, leading to higher surface quality and significantly lower tool wear than
room-temperature machining [17]. The machining aspects of IN718/SS316L functionally
graded material (FGM) fabricated by laser DED AM were recently evaluated by Li et al. [18]
and Zhang et al. [19]. In both studies, the machining of the sections in the FGM containing
more IN718 than SS316L led to higher cutting forces and the generation of more cutting heat,
owing to the higher hardness and strength of the IN718. New techniques like cryogenic
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cooling with liquid nitrogen have been effective in significantly reducing the cutting forces
and tool wear during the machining of LMDed IN718 [20].

Although significant technical knowledge is available to tackle the challenges associ-
ated with machining conventionally cast, wrought, and forged IN718 parts, there is a dearth
of scientific research and practical know-how of the intricacies of machining LMDed IN718.
The absence or lack thereof of such studies can lead to multifold problems derived from
the basic assumption that the machining behavior corresponds to that of conventionally
fabricated parts. Development of a fundamental understanding of how AM affects the
machining operation is rather critical, as the properties (mechanical, chemical, etc.) of AM
parts [21], and in particular, those fabricated by LMD [22], are strikingly different from
conventionally manufactured parts. Considering the increased push for LMD integration
in industries, it is crucial to highlight that machining an LMDed difficult-to-machine ma-
terial like IN718 implies additional challenges, reflected in the final surface quality and
dimensional accuracy, and thus, it is vital to understand the LMD process effect on the
machinability aspects of IN718. Pereira et al. [23] evaluated the cutting forces and surface
roughness for LMDed IN718 preforms. The research highlighted considerably improved
surface finish with down milling and significantly higher cutting forces while machining
in the zone near the substrate (i.e., build platform). The reason for differences along the
build direction was attributed to the LMD process-generated rigidity and residual stress;
however, it was not scientifically explored. A proper understanding of this behavior is
significant as it can guide tooling and machining parameter selection. The effect of post-
deposition heat treatment on the machining of LMD parts has been another area of recent
focus. Studies conducted by both Careri et al. [24] and Calleja et al. [25] revealed that
the machining heat-treated LMDed IN718 parts led to higher surface roughness values
and significant tool wear, implying the employment of heat treatments downstream of the
machining operations. The study of the chip morphology for the machining of LMDed
IN718 has also been a subject of interest. Unlike the continuous chip formation in the
forged [8] and cast [26] parts, machining the LMDed IN718 surface leads to irregular lamel-
lar chip formation. These differences arise from the anisotropy in material properties in AM,
particularly with the growth of coarse grains along the build-up direction. The irregular
chip formation was reflected in the steep fluctuations in measured cutting forces. Zhou
et al. [27] optimized the laser parameters for LDED of alloy GH4169 (an alloy equivalent of
IN718 developed in China); however, the objective of the work was to evaluate the effect
of interrupted machining passes in between deposition passes on the phase formation,
element segregation, and performance of the GH4169 alloy.

Central to the seamless implementation of the LMD AM in industries is the minimiza-
tion of the post-deposition machining requirements. The present investigation is motivated
by the critical review of the literature, wherein it is evident that although preliminary
work focusing on the machining of LMDed IN718 is available, the previous studies do not
elucidate the fundamentals governing the interplay between the process and the ensuing
machinability of the fabricated part for variation in LMD processing parameters. Moreover,
existing studies on the machining of LMDed IN718 do not address the influence of the
cutting environment on the machinability aspects. In this work, the term “cutting environ-
ment” pertains to the cooling and lubrication applied in the cutting zone, encompassing
both dry machining, where no cutting fluids are used, and minimum quantity lubrication
machining (MQL), where the controlled application of cutting fluid is applied. In the MQL
approach, a very small amount of cutting fluid is mixed with a carrier gas such as air, CO2,
N2, etc. The cutting fluid makes a layer on the cutting surface and favorably impacts the
cooling and lubrication phenomenon, as explained later in Section 2. The MQL is proven to
be useful in the machining of difficult-to-cut materials [14].

The purpose of this study is to address the critical research gaps with practical impli-
cations by incorporating a comprehensive assessment of the machinability of IN718 over
a wide-ranging set of LMD processing parameters and considering two different types
of machining environments, i.e., dry and minimum quantity lubrication (MQL). Recent
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work by Gupta et al. [28] has proven the efficacy of machining (turning) 2205 duplex steel
under MQL. The implementation of the MQL, a sustainable machining approach, led
to significant improvement in surface quality and lowering of the tool wear and energy
consumption. Our main goal is to understand how LMD process variables and the cutting
environment affect cutting forces, surface quality, surface temperatures, tool wear, and
energy consumption when working with LMDed IN718 walls. For the mentioned goal,
IN718 is deposited on cold-rolled SS309L substrates with varying LMD process parameters,
including laser power, powder feed rate, and scanning speed, and the effect of variation
in these parameters on the machinability is examined. The machinability and its varia-
tion (if any) along the build direction are correlated with hardness distribution, the most
significant LMD process parameters(s) are identified, the effect of process parameters on
machining under both dry and MQL environments is critically analyzed, followed by the
identification of suitable process parameter-cutting environment combination for the ease
of machining. The rest of this paper is organized as follows: Section 2 presents the details
about the materials and experimental procedure; Section 3 provides a detailed discussion of
the obtained results; and finally, Section 4 draws conclusions from this study and provides
future research directions.

2. Materials and Methods

The experimental workflow in this study is divided into two stages, i.e., material de-
position and post-deposition machining. A flowchart of the experimental plan is provided
in Figure 1, with elaborate details provided in Sections 2.1 and 2.2.
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Figure 1. Flowchart depicting the experimental workflow.

2.1. Material Deposition

IN718 powder with an average diameter of 30 µm is deposited on SS309L substrates
with a disk laser with a wavelength of 1030 nm and a beam diameter of 2 mm. The choice of
stainless steel (SS) as the substrate material arises from the fact that the fabrication of sound
metallurgical IN718-SS AM joints has been repeatedly demonstrated in the literature [29].
In addition, the use of steel as the substrate instead of IN718 acts as a cost reduction means
in the AM chain and is thus of industrial interest. During the deposition, combinations of
laser power, scanning speed, and powder feed rate are used at five levels, as presented in
Table 1. Multi-pass, multi-layer deposition is carried out to reach the desired part thickness
per the deposition scheme in Figure 2a. A total of 6 passes with a hatch distance of 1 mm
are employed for each layer. The total number of layers varied depending on the individual
layer height, directly related to the operating process parameters. The substrate’s initial
temperature was equivalent to the standard room temperature during the deposition. The
final dimensions of the wall geometry of IN178 and the substrate dimensions are depicted
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in Figure 2b. For post-deposition, samples approximately 10 mm wide from the left and
right edges of the main material are cut for hardness mapping, as depicted in Figure 2c.
Standard metallographic procedures are employed for grinding, polishing, and etching
the samples. A low-force Vickers hardness test (HV0.2) based on EN ISO 6507-1 standard
with a 0.2 kgf load and dwell time of 15 s is performed on the deposited parts using a
ZwickRoell-make DuraScan Microhardness tester. Detailed information on the hardness
test is provided in Section 3.

Table 1. LMD process parameters.

Sample Laser Power (W) Powder Feed Rate (g/min) Scanning Speed (m/min) Number of Layers *

1 600 10 0.6 56
2 700 10 0.6 52
3 800 10 0.6 52
4 900 10 0.6 52
5 1000 10 0.6 40
6 800 4 0.6 80
7 800 7 0.6 56
8 800 10 0.6 52
9 800 13 0.6 32
10 800 16 0.6 32
11 800 10 0.2 14
12 800 10 0.4 25
13 800 10 0.6 52
14 800 10 0.8 68
15 800 10 1.0 94

* The number of layers represents the layers achieved to attain the fixed sample height, as shown in Figure 2b.
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Figure 2. (a) Deposition scheme for LMD; (b) geometry and dimensions of the SS 309L substrate and
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measurement (Schematics not drawn to scale).

2.2. Post-Deposition Machining

The experimental setup utilized for the machinability evaluation is presented in
Figure 3. A 3-axis Frontier MCV-866 CNC vertical milling machine with a maximum
spindle speed of 10,000 rpm is used. While machining, the cutting forces are recorded
with a Kistler 9272 dynamometer at a sampling frequency of 20 kHz. The collected force
data provide the radial/axial forces and the resultant forces. To accurately identify chatter
and peak states in cutting forces, the machining tests are performed using a single insert
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at an entering angle of 90◦. PVD-coated AOMT123608PEER-M VP15TF cutting inserts
with a nose radius of 0.8 mm are used for the machinability evaluation experiments.
The insert is mounted on a standard BBT 40 tool holder with a diameter of 16 mm, and
each machining test is carried out using a fresh edge. The optimized milling parameters
provided in Table 2 are utilized for the machining study under dry and MQL cutting
environments. The MQL technique presents an environmentally friendly alternative for
machining operations, involving the supply of a minimal amount of oil to the cutting zone
in the form of an emulsion with a carrier gas, typically air. This oil + air emulsion spreads
across the tool–chip interface, enhancing heat transfer by influencing the heat transfer
coefficient. Additionally, it significantly reduces friction at the interface in a discernible
manner, allowing for the friction coefficient to be expressed in terms of the machining
parameters [30]. Consequently, MQL has proven to be particularly advantageous in the
machining of difficult-to-machine materials such as titanium and nickel alloys.
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Table 2. Machining parameters.

Machining Parameter Value

Cutting speed, Vc (m/min) 50
Feed per tooth, fz (mm/tooth) 0.1

Depth of cut, ap (mm) 0.8
Cutting width, ae (mm) 10

The post-deposition machining parameters are determined based on two factors.
Firstly, several pilot experiments are conducted to reach suitable values, and secondly,
catalog data provided by the cutting tool manufacturer are utilized to narrow down the
parameter selection process. During machining, the collected force data provide the active
forces (radial Fy/axial Fx) and the passive forces (Fz). Since the depth of the cut value is
constant, the effect of the passive force is negligible [31,32]; therefore, the resultant force
was calculated with radial and axial forces. This study compares the maximum resulting
forces during cutting in all cutting conditions, as shown in the representative force-time
plot in Figure 4a. During the machining process, the temperature of the machined surfaces
is measured using an MI3 pyrometer and a Testo 872 thermal camera. Before the actual
experiments, the pyrometer and the thermal camera were calibrated. The deposited IN718
wall is heated using an open-torch flame, and the temperatures during cooling are recorded
using thermocouples connected to a data acquisition unit. Simultaneously, the temperature
measurements are also conducted using the pyrometer and the thermal camera, and their
emissivity factors are adjusted until the temperatures measured by the pyrometer and the
thermal camera match the temperature read from the thermocouple. The temperature of
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the cutting zones is measured while the positions of the pyrometer and the thermal camera
are fixed. The temperature data analysis was performed using the IR Soft software. After
each cutting operation, as seen in Figure 4b, the maximum temperature of the cutting zone
during machining was detected using IR Soft. For the MQL, a biodegradable cutting oil
called Viscol Viscut is employed. This cutting oil has a kinematic viscosity of 37–40 cSt at
40 ◦C and a density of 0.88 g/cm3 at 15 ◦C, with a flash point exceeding 240 ◦C. The oil is
used with a Werte STN40 lubrication system to facilitate lubrication and air cooling at the
machining interface. It is directly applied to the cutting area to ensure effective lubrication.
The MQL nozzle is precisely positioned 15 mm from the cutting point, maintaining a 20◦

angle relative to the machine’s X–Y plane.
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The flow rate of the oil is set at 10 mL/min. The milling parameters are kept constant
to observe the effect of the cutting environment on the machined cutting forces, tool
wear, surface quality, and energy consumption in the machining of LMD-fabricated IN718
workpieces. The energy consumption of the machine is recorded using a Fluke 435 power
quality and energy analyzer. The milling of IN718 walls is conducted in two regions,
i.e., the top and bottom, as represented in Figure 2c. The top region is machined first,
followed by machining of the bottom region using the same tool. There is an interruption
between the machining of the top and bottom regions. The distinction between the top and
bottom regions is critical, as the bottom region is related to the initial deposition layers,
whereas the top region, where the final layers are deposited, may be subject to very different
thermo-mechanical process conditions, geometric distortions, and resulting mechanical
properties. The front and back surfaces of the IN718 wall are machined under dry and
MQL environments, respectively. Post machining, the roughness of the machined surface
is evaluated using a contact-based Mitutoyo surftest SJ-210 tester. Surface roughness
measurements of machined surfaces are conducted in alignment with both the machining
and deposition directions at three locations on each part. Optical microscopy was used to
analyze the cutting insert wear.

3. Results and Discussion
3.1. Surface Appearance

The LMDed IN718 wall has an irregular surface resulting from the presence of un-
melted powder particles that stick to the side surfaces of the walls, as seen in Figure 5. The
degree of unmelted powder particles sticking to the surface is directly related to the size
of the molten pool, which in turn is influenced by the laser power. Due to the shape of
the heat source, i.e., the laser beam, the energy density in the middle of the molten pool
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is greater than that near the edge. The high-energy-density region corresponds to higher
temperatures, whereas toward the edge, there is a gradual decrease in temperature due to
depleting energy density. As a consequence, there is a higher probability that the incoming
powder particles remain unmelted at the edges and get stuck to the deposited surface. With
a smaller melt pool, the number of powder particles that remain unmelted is expected to
be greater. The laser power dictates the melt pool size, i.e., larger melt pools at higher laser
power. The interplay of laser power and the ensuing melt pool size decides the quality and
appearance of the as-deposited LMDed wall surfaces, verified by the results presented in
Figure 5a–c.
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As a consequence of the unmelted powder particles sticking to the surface of the
deposited part, the targeted part thickness of 6 mm of the IN718 wall is not achieved.
Evaluating the machinability with highly irregular surfaces, as in this case, is a precursor to
erroneous results. In particular, variable forces are obtained since the depth of the cut value
cannot be fixed due to the high surface roughness. For this reason, prior to the machinability
evaluation, the LMDed wall surfaces are pre-machined to remove the unmelted powder
particles and generate a flat surface, as per the procedure described in Appendix A.

3.2. Build Direction Hardness Variation

It is well established in the literature that in LMD, the laser energy density primarily
affects the thermal history and determines deposition features like microstructural mor-
phology and size. During the deposition of the initial layers in LMD, the G/R ratio (where
G is the temperature gradient and R is the solidification growth rate) is fairly large, whereas
along the build direction, the ratio has a gradual decrease [1]. This variation is reflected in
the anisotropy of the mechanical properties, in particular, the hardness distribution. A het-
erogeneous hardness distribution along the build direction leads to non-uniformity in the
mechanical properties, which can specifically have a significant effect on the machinability
of the deposited part.

To examine the variation in hardness (if any) in the LMDed IN718 walls, hardness
mapping was conducted both perpendicular (Figure 6) and parallel (Figure 7) to the build
direction of the parts up to the top of the part. The hardness measurements conducted
parallel to the build direction also evaluated the effect of the laser power. Figure 6 depicts
the through-thickness hardness values (i.e., perpendicular to the build direction) of the
LMDed IN718 wall deposited at a laser power of 1000 Watt, powder feed rate of 10 g/min,
and scanning speed of 0.6 m/min, as a representative case. For each region, indentation is
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conducted in two lines, each containing around 50 to 54 indents, depending on the sample
thickness at the location. The measurements conducted in three different regions of the
sample, i.e., top, middle, and bottom, provide sufficient evidence that the hardness in the
top region, i.e., IN718 deposited at a considerable distance from the substrate, had the
lowest values. In contrast, the bottom and middle regions had much higher hardness. This
observation was consistent for all the investigated samples. The average hardness values
recorded in the top, middle, and bottom regions are 256.32 ± 10.06 HV, 294.38 ± 9.11 HV,
and 285.78± 14.53 HV, respectively. The results presented in Figure 6 suggest that although
there is considerable variation in hardness along the build direction, the through-thickness
hardness remains within a narrow band (variation ≤ 5%), irrespective of the location along
the build direction.
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The hardness mapping presented in Figure 6 highlights the hardness heterogeneity
along the build direction. The higher hardness of the deposited IN718 wall near the bottom
and middle regions compared to the top region is similar to previously obtained results
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in the works of Tian et al. [33], Stevens et al. [34], and Li et al. [35]. Similar to previous
investigations [33–35], an increment in the hardness in the build direction is observed in
the first few layers, followed by a plateau and subsequently a decrease in the hardness in
the upper layers, i.e., away from the substrate, the hardness drops (Figure 7). This hardness
pattern is however distinct and is contrary to the observed hardness patterns in steels [36].
For steels, like this study, the initial layers exhibit higher hardness due to rapid cooling,
followed by a decrease in hardness due to delayed cooling and annealing by the successive
layers. The upper layers of AMed steels demonstrate an increase in hardness as the upper
layers do not undergo annealing cycles.

The different regions along the build direction experience different thermal cycles, and
these slight changes in thermal cycles influence microstructure heterogeneity. The observed
hardness heterogeneity in this work can be attributed to the differences in the precipitation
of the strengthening phase. Due to the high cooling rate of the LMD process, the γ′′

strengthening phase in IN718 is not expected to form initially during rapid solidification
but rather develop due to the subsequent heating cycles during multi-layer deposition.
The lower hardness of the top region may be due to a decrease in the γ′′ strengthening
phase. Moreover, the build part experiences discrepancy in elemental segregation. Near the
middle region, where the highest average hardness is recorded, the cooling rate is lower.
This provides an opportunity for more Nb segregation, causing enhanced γ′′ precipitation
during multiple thermal gyrations. The closer to the top, the lower heat accumulation and
less thermal cycling limit the segregation.

In LMD, the laser power dictates the thermal history, heat accumulation, and ensuing
changes in microstructure and mechanical properties. For a constant scanning speed, the
heat input varies with the laser power according to the relation in Equation (1):

Heat input (HI) = P/V (1)

where P is the laser power (Watt) and V is the scanning speed (m/min). The melt pool
widens for higher laser powers, resulting in a lower thermal gradient and, consequently,
a slower cooling rate than the parts fabricated with a lower laser power [2]. At lower
laser powers, the heat accumulation in the deposited material is very low, which allows
for a faster cooling rate and the formation of smaller grain sizes. Thus, based on the
literature [37] and general convention, in LMD, a higher hardness is expected for parts
fabricated at lower laser powers. However, as depicted in Figure 7, the LMDed IN718 walls
in this work displayed higher hardness at higher laser powers, in contrast to results in
the literature. This observation is crucial as it leads to the understanding of the primary
factor that controls the hardness-laser power relationship. Based on the results presented
in Figure 7, it can be conclusively stated that precipitation phenomena dominate over the
grain size effect in controlling the influence of laser power on hardness in LMD of IN718.
For the lowest laser power of 600 W, a higher cooling rate and lower heat accumulation
limit the formation of the γ′′ strengthening phase. On the other hand, at a higher laser
power of 1000 W, slower cooling and significant heat accumulation promote the formation
of the γ′′ strengthening phase. It is important to note that a further increase in laser power
can lead to significantly high heat input and heat accumulation, leading to Nb dissolving
into the matrix and, consequently lower hardness, as observed in the literature on a very
high laser power of 1700 W [37].

A sharp increase in hardness values (~250 to 290 HV) is observed at a distance of
approximately 2.5 mm from the interface (y = 0) for all the deposited walls (Figure 7).
Subsequently, an overall increasing trend in hardness, albeit uneven, is observed up to
around 15 mm. The variation in the hardness values between 2.5 mm and 15 mm is
approximately 5.98%, 7.74%, 8.34%, 9.58%, and 14.57% for samples fabricated at laser
powers of 600, 700, 800, 900, and 1000 Watts, respectively. Notably, the hardness values
in the region near the substrate (0–10 mm), i.e., the bottom region, are generally higher
than those in the top region (10–20 mm) of the IN718 wall, as demonstrated previously in
Figure 6.
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3.3. Machinability Evaluation
3.3.1. Effect of Build Direction Anisotropy and Cutting Environment

To unveil the effect of build direction property anisotropy on machinability, the cutting
forces, machined surface roughness, and machining-generated surface temperatures are
evaluated. The hardness results presented in Figure 7 suggest that the top region of the
AM IN718 is softer, whereas both the middle and bottom regions have almost similar
hardness. Following this observation, the machinability evaluation was conducted for
the top and bottom regions. To further evaluate the effect of the cutting environment,
machining is conducted under dry and MQL environments. Box–whisker plots presented
in Figure 8a–c depict the variation in resultant cutting forces, surface roughness, and
maximum temperature, respectively, over the entire range of experimental conditions.
Several critical observations can be derived from Figure 8. Firstly, there is a considerable
impact of machining location on the cutting forces and surface quality. The machining
of the bottom region generates significantly higher cutting forces, surface roughness, and
temperatures than when the top region is machined. This result correlates with the hardness
results, as the bottom region exhibits much higher hardness than the top region. Secondly,
while the force, roughness, and temperature values have a much larger variation for
the bottom region across different samples, the variation is minimal in the top region.
Thirdly, the employment of MQL considerably eases the machining of the IN718 wall,
particularly in the bottom region. This is reflected in Figure 8a–c, with lower recorded
cutting forces, surface roughness, and temperatures when machining is conducted under
an MQL environment. The employment of MQL had the most positive influence on the
surface temperature.
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Dry cutting of the bottom region produced the highest cutting forces, surface rough-
ness, and temperatures across all processing conditions. Notably, in dry cutting, the
machined surface roughness in the bottom region exhibited an Ra higher than that of the
machined surface in the top region due to the increased cutting forces. For dry cutting,
the mean surface roughness value in the bottom region is 1.4 times that of the top region,
whereas the maximum surface roughness in the bottom region is 2.4 times that of the top
region. Application of the MQL cutting environment reduces the cutting forces up to 20%
in the bottom region compared to the dry machining. This is because the applied lubricant
forms a thin film (protective layer) between the tool and workpiece, thereby reducing
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friction and shear stress and facilitating smoother cutting. The cooling effect also helps
dissipate heat, preventing excessive temperature rise and reducing the forces exerted on
the cutting tool. In addition, the application of MQL alleviates the variability in cutting
forces throughout the part (top to bottom regions) despite variations in hardness, as seen
in Figure 8a. The reduced variability of cutting forces across the build direction reduces
the chances of force jumps and helps prolong cutting tool life. However, the employment
of MQL does not significantly alter the machinability in the top region. In particular, the
cutting forces remain comparable with those of dry cutting. This observation is vital as it
suggests that for LMD of IN718, machining of the part closer to the substrate, i.e., in the
initial layers of deposition, has a much stronger impact on the overall machinability of
the fabricated part. Based on this outcome, the results presented hereafter focus on the
machining aspects of the bottom region.

3.3.2. Process Parameter–Cutting Environment Interplay

Figure 9a–c presents the variation in cutting forces and surface roughness with changes
in LMD process parameters, viz., laser power, powder feed rate, and scanning speed,
respectively. The variation is evaluated for machining of the bottom region of the LMDed
IN718 walls in both dry and MQL cutting environments. With an increase in laser power,
a simultaneous increase in cutting forces is observed for dry cutting (Figure 9a). The
correlation between increased forces with laser power can be attributed to the rise in
hardness values with laser power, as depicted in Figure 7. However, with the use of
MQL the cutting forces remain constant despite an increase in laser power. Despite an
increase in cutting forces with laser power for dry cutting, the surface roughness values
remain relatively constant with an increase in laser power. The exceptionally high surface
roughness value at a lower laser power of 600 W is a result of chatter. The chatter is
attributable to the highly irregular as-deposited surface produced at a laser power of
600 W (see Figure 5a). Irrespective of the cutting environment, the machining of surfaces
deposited at low laser power (600 W) triggers chatter. However, further studies are needed
to examine the technical reasons behind this phenomenon in detail. Under the dry cutting
environment, an increase in the scanning speed resulted in a slight decrease in cutting
forces (Figure 9c).

At the same time, a more significant reduction was observed with an increase in
the powder feed rate (Figure 9b). The slight decrease in the cutting forces achieved by
increasing the scanning speed had a remarkably positive effect on surface quality, allowing
for a substantial reduction in surface roughness. Similarly, lower forces at a higher powder
feed rate improved the surface quality as expected, indicating that surface quality is
enhanced at a higher powder feed rate and scanning speed. It is, however, crucial to note
that this observed improvement is a mid-value of laser power (800 W). Both powder feed
rate and scanning speed determine the quantity of the powder delivered to the molten
pool and the Intensity of the laser energy absorbed by the powder in unit time. These
two parameters dominate the height and width of the deposited layers and, thereby, the
surface irregularity. It is, however, very important to keep these values under a certain
limit as beyond threshold values, the laser irradiation energy is not enough to entirely melt
the powder and form a stable molten pool [38]. With MOL, both the power feed rate and
scanning speed had little to no effect on both the cutting forces and surface roughness.
There is, however, a jump in the cutting forces when the powder feed rate is increased from
8 to 10 m/min and the scanning speed is increased from 0.4 to 0.6 m/min, both at a constant
laser power of 800 W. Under MQL, a significant improvement in terms of surface roughness
is observed at the highest powder feed rate of 16 g/min (scanning speed 0.6 m/min). In
LMD, the increased interaction of the powder feed and laser beam has the most beneficial
effect on the deposited surface quality. These two parameters control the catchment, i.e.,
the ratio of powder feed rate and scanning speed in LMD. At a higher powder feed rate,
the amount of catchment is high, and the interaction between powder and laser beam
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increases [39], which consequently leads to a surface with improved quality and inherently
eases the machining.
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and MQL cutting environments.

The employment of cutting fluid during machining may lead to numerous health
risks and environmental effects. Complete elimination of cutting fluids through dry ma-
chining is challenging for difficult-to-machine IN718 alloy as observed from the results in
Figures 8 and 9. MQL is a suitable alternative to both dry and wet machining (i.e., flood
cooling) as it not only lowers the consumption of cutting fluids, thereby reducing the
occupational health hazards on the shop floor [40], without making any compromise on
the surface quality of the machined surface (refer to Figures 8 and 9). MQL is not only an
environmentally friendly machining process [41] but also economical as it significantly cuts
down on the cutting fluid usage, as well as MQL can be easily implemented with limited
changes to the existing machinery.

3.3.3. Tool Wear

Tool wear is a critical failure mechanism that not only influences the quality of the final
product, but also the overall sustainability of the process in terms of energy consumption
and manufacturing costs. Defining and mitigating tool wear is crucial for the success of
the additive–subtractive manufacturing (ASM) process chain. In this work, the different
wear modes occurring on the cutting inserts in the machining experiments were analyzed.
The examination of tool wear is first conducted after the machining of the top region before
proceeding to the bottom region of the deposited IN718 walls. However, as no significant
tool wear is observed during the machining of the top region, the final measurement of
tool wear is carried out after the machining of the bottom region. During machinability
evaluation experiments, it was observed that some tools broke during the cutting process,
either in the middle of the cut or during the exit from the part. The breakage of cutting
inserts can be directly attributed to the vibration-induced chatter that causes a sudden
and significant change in the load acting on the insert. Images of the cutting inserts that
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broke during the machining experiments are depicted in Figure 10. At the lowest laser
power of 600 W, a significant portion of the cutting insert broke, indicative of a high degree
of chatter, which is also reflected in high surface roughness in Figure 9a. The abrasion
resulting from the contact between the tool and the machined surface leads to chipping
and catastrophic failure.
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Figures 11–13 compare the tool wear, i.e., the tool life for machining of LMDed IN718
wall with variation in laser power, powder feed rate, and scanning speed, respectively,
under both dry and MQL cutting environments. Representative images of the cutting
tools with different tool wear modes are also presented in Figures 11–13. Similar to the
observed increase in cutting forces and surface roughness with an increase of laser power,
the tool wear also increases when laser power is increased from 600 to 1000 W (Figure 11).
Although the application of MQL reduces the overall tool wear compared to dry cutting,
the tool wear still increases at higher laser powers. The steep increase in tool wear at a laser
power of 900 W under MQL is caused by two simultaneous wear phenomena, i.e., coating
delamination and edge chipping, as represented in Figure 11a1. At a similar laser power,
the tool under dry cutting has slightly higher tool wear and the presence of microchipping
at the cutting edge, as seen in Figure 11a2. The contrasting behavior of tool wear with
change in cutting environment at the highest laser power of 1000 W can be accounted for by
the difference in wear modes. At the highest laser power of 1000 W, there is a sharp increase
in the hardness of the deposited IN718, as shown in Figure 7. In dry cutting, due to the
absence of sufficient cooling combined with the steep increase in hardness for the sample
at 1000 W, the cutting insert is subjected to thermal cracking, as evident from Figure 11a4
where significant edge chipping is observed. The deleterious effect of increased hardness
(at a laser power of 1000 W) on tool wear is alleviated in MQL due to effective cooling,
the same being evident in (Figure 11a3), where no visible defect is observed in the cutting
tool. This is also in accordance with the observed reduction in cutting forces and surface
roughness for machining of the LMDed IN718 wall (fabricated at a laser power of 1000 W)
under MQL (see Figure 9a). The chipping could be due to the detachment of fragments of
the cutting insert edge, initiated by the adhesive wear mechanism [24]. A detailed study of
the underlying wear mechanisms is the subject of future work. It can be stated that despite
the increase in hardness with higher laser powers, the use of MQL enables the production
of surfaces with higher quality and lower cutting forces. The lower cutting forces lead to a
decrease in the cutting temperature (see Figure 8) and contribute to the tool wear reduction.

Figure 12 presents the variation in the tool wear with changes in the powder feed rate.
Unlike the decrease in cutting forces and surface roughness with an increase in powder feed
rate, the tool wear does not follow a particular trend. For powder feed rate, until 7 g/min,
the tool wear remains constant for both dry and MQL, with dry cutting registering higher
wear. A comparison of the wear modes in dry and MQL environments at a powder feed
rate of 7 g/min is presented in Figure 12a1,a2, respectively. While MQL machining resulted
in a tool with no visible defects (Figure 12a1), the dry cutting resulted in microchipping
(Figure 12a2) and correspondingly higher wear. With an increase of powder feed rate to
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10 g/min, the tool wear increased in dry cutting, which does not correspond to the decrease
in cutting force and roughness observed previously. Although further experiments are
required to elucidate the exact reason, the post-machining analysis of the tool reveals
edge chipping (Figure 12a4), which can contribute to the observed jump in the wear. The
inspection of the tool used for machining the IN718 wall fabricated at the same powder
feed rate (10 g/min) under MQL reveals no defects (Figure 12a3), explaining the lower
wear as compared to the dry cutting. Above the powder feed rate of 10 g/min, the tool
wear reduces, which possibly is a result of the increase in the powder catchment and its
positive effect on surface quality, as explained in the preceding section.Lubricants 2023, 11, x FOR PEER REVIEW 16 of 22 
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The scanning speed works in collusion with the powder feed rate in determining the
surface quality of the as-deposited part, which in turn controls the tool wear. For a constant
powder feed rate, the powder catchment starts decreasing beyond a certain scanning speed.
In other words, the laser irradiation that is responsible for creating the melt pool may not
be enough, leading to the uncompleted melting of powder particles and, consequently,
an irregular surface. Machining of an irregular surface is expected to produce higher tool
wear, as seen in Figure 13. The trend is prominent with MQL machining up to a scanning
speed of 0.8 m/min. Representative images of tools post-machining of IN718 walls at the
highest scanning speed of 1 m/min under MQL and dry environment are presented in
Figure 13a1,a2. The almost double-reported wear in dry cutting is discernable from the
tool wear modes, with the tool under MQL displaying no defects, whereas the tool used
in dry cutting produced chipping at the cutting edge. Considering the observations, it is
recommended to use a combination of a higher powder feed rate and a lower scanning
speed with MQL to reduce the tool wear and ease the machining of IN718 walls.

One of the primary reasons for the reduced machining performance of IN718 alloy is
the tool wear [14], and hence, an adequate understanding of the tool wear is critical from
the industrial perspective. Due to the low thermal conductivity of IN718, the majority
of the machining-generated heat is transferred to the cutting tool, leading to high tool
tip temperatures and excessive tool wear [42]. In this work, the application of MQL for
machining of LMDed IN718 walls reduced the surface temperatures (Figure 8c), leading
to lower tool wear (Figures 11–13) compared to dry machining. However, as tool wear
is a complex interplay of several mechanisms (abrasive, adhesion, diffusion, oxidation,
debonding), the influence of MQL on tool wear is not as significant compared to cutting
forces and surface quality. Although under MQL machining, the tool wear remained lower
compared to dry machining, the variability in tool wear with changes in LMD parameters
remains, and in many cases, the tool wear in dry and MQL environments are comparable
(Figures 11–13). Nevertheless, further optimization of the MQL machining for LMDed
IN718 will greatly benefit the industrial applications, as reduced tool wear consequently
brings down the cost and waste during the production chain.

3.3.4. Energy Consumption

The energy consumption during machining is influenced by several factors, including
the workpiece and tool materials, cutting conditions, and the cutting fluids or lubricants
used [43]. Evaluating the effects of the cutting environment on energy consumption is
essential for achieving a sustainable and high-quality ASM process chain. The analysis
presented in Figure 14 aims to help understand the energy requirements for machining
different regions of LMDed IN718 walls under dry and MQL cutting environments. It is
quite clear from Figure 14 that the energy consumption while machining the top region
of the IN718 wall remains significantly lower than the bottom region, irrespective of the
cutting environment. This observation is valid across the entire range of experimental
process parameters. While MQL positively impacts machinability in terms of reduced
cutting forces, surface roughness, surface temperature, and tool wear, particularly in
the bottom region, the use of MQL setup does not adversely affect the hourly energy
consumption. From Figure 14, it is apparent that the hourly energy consumption remains
comparable to dry cutting even while machining the bottom region. Moreover, MQL
machining consumes lower energy while machining the bottom region of the IN718 walls
fabricated at the highest laser powers of 900 and 1000 W. This is critical as higher laser
powers not only increase the hardness of the part, but also lead to higher cutting forces
(Figure 9) and tool wear (Figure 11). The steep energy consumption observed for MQL
machining for walls fabricated at laser power 600 W correlates with the chatter phenomena,
which also resulted in higher surface roughness and catastrophic failure of the tool, as
discussed earlier in Sections 3.3.2 and 3.3.3, respectively. These outcomes hold paramount
significance for the ASM process chain. The potential economic benefits of MQL machining
in terms of tool longevity (refer to Section 3.3.3) without a substantial increase in energy
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costs are significant, with positive implications for incorporating MQL in LMD and several
other advanced AM and conventional manufacturing processes.
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4. Conclusions and Future Directions

In this work, a comprehensive assessment of the machinability of laser metal de-
posited (LMDed) IN718 walls in dry and minimum quantity lubrication (MQL) cutting
environments was performed. An understanding of the interplay of LMD process variables
(laser power, powder feed rate, and scanning speed) and the cutting environment and its
effect on the machining aspects, including cutting forces, tool wear, surface quality, and
energy consumption, was developed. Based on the obtained results, the study reached the
following major conclusions:

1. The machinability of the LMDed IN718 wall is location-dependent owing to the
build direction hardness heterogeneity. The bottom region of the IN718 wall, i.e.,
the initially deposited layers, with considerably higher hardness than the top region,
makes machining of the deposited wall closer to the substrate notably more difficult
than away from the substrate.

2. Machining of the bottom region leads to substantially higher cutting forces, surface
roughness, and temperatures compared to the top region. In addition, while in the
bottom region, the variation in these aspects across the entire LMD processing range
is large, the variation is minimal in the top region.

3. The machinability of LMDed IN718 walls under a dry-cutting environment is inferior
compared to MQL machining along the entire build direction. MQL greatly improves
machining across all processing parameters regardless of the machining location;
however, the effect is more pronounced in the bottom region.

4. While MQL positively impacts machinability and reduces tool wear to a great extent,
the hourly energy consumption remains comparable to dry cutting. This finding
holds significance for the ASM process chain, as the negligible increase in hourly
energy consumption can largely compensate for the cost of the MQL setup and
other accessories.

5. Laser power is identified as the parameter that most influences the processing per-
formance. The variation in powder feed rate and scanning speed has little-to-no
effect on the cutting force, whereas the increase in laser power significantly increases
the cutting forces. Higher laser powers are detrimental, as they contribute to higher
hardness and lead to higher surface roughness. In comparison, a combination of a
higher power feed rate and lower scanning speed is essential for ease of machining.

AM using LMD is a potential route for successfully fabricating several multi-material
combinations. Although this investigation provides applicable solutions for post-processing,
the fabricated IN718 parts, challenges such as chatter and adhesive behavior affecting tool
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wear and surface quality must also be addressed. Research should be directed toward
optimizing the post-processing with a larger view of improved efficiency and sustainability.
Even though the LMD AM of IN718 looks promising, challenges like low manufacturing
speed and build volumes hinder its growth. However, these challenges can be outweighed
by the inherent ability of the LMD process to form intricate shapes with high design flex-
ibility, reshape existing objects, and the potential for repair applications that can lead to
tremendous savings in terms of material, cost, and lead time.
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Nomenclature

Abbreviations:
LMD Laser metal deposition
DED Directed energy deposition
AM Additive manufacturing
MQL Minimum quantity lubrication
SS Stainless steel
LDED Laser-directed energy deposition
ASM Additive–subtractive manufacturing
LMDed Laser metal deposited
FGM Functionally graded material
Symbols:
Vc Cutting speed (m/min)
fz Feed per tooth (mm/tooth)
ap Depth of cut (mm)
ae Cutting width (mm)
G Temperature gradient
R Solidification growth rate
HI Heat input (J/m)
P Laser power (Watt)
V Scanning speed (m/min)

Appendix A

For the removal of the unmelted powder particles and generating a flat surface for
the machinability evaluation, all the as-deposited parts are scanned using a structural light
scanner (ATOS Compact Scan, GOM Metrology). As shown in Figure A1a, with the 3D data
of the scanned samples, the depth of the cut values is determined by finding the deviations.
The pre-treatment, i.e., initial machining, ensured that the unmelted powder was removed
without changing the effective width of the test piece. The initial machining to remove the
unmelted powder particles is conducted with Mitsubishi AOMT123608PEER-M VP15TF
grade PVD-coated carbide cutting inserts. As depicted in Figure A1b, the as-deposited
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irregular surfaces (with unmelted powder particles) are processed and made ready for the
subsequent machinability evaluation study.
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