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ARTICLE INFO ABSTRACT

Keywords: Inconel 718 is a precipitate hardened nickel-based superalloy that has been widely used in the aerospace, power
Laser machining generation and biomedical industries because of its good high temperature strength, corrosion resistance and low
Low speed cycle fatigue life. However, micro-machining is a difficult process to perform due to its extremely high strength,
;liiiloﬁ:i:ining work-hardening characteristics and abysmally low thermal conductivity that result in unwanted burrs at the
Micromilling micro-level. Systematic comparisons of the behavior of burrs in different domains of machining and especially

incorporating hybrid strategies are still limited. To fill this gap, a comparative study of burr formation is pursued
in three different micromachining domains: low speed, high speed and a new laser-hybrid high-speed. The
experimental study was designed using a Taguchi L16 orthogonal array to investigate the influence of spindle
speed, feed, and depth of cut with uncoated and coated tools. Statistical robustness was strengthened using
ANOVA to identify the significant effect of each factor on burr growth. It was found that higher spindle speeds
are critical for reducing burr formation, and integrating laser assistance demonstrated an even greater sup-
pression. Cutting speed, tool coatings, and feed were reported as the predominant factors in low-speed, high-
speed and laser-hybrid high-speed domains, respectively; while depth of cut was identified as a secondary factor
in low- and high-speed conditions, with coatings for laser-hybrid machining. The nACo tool had good capability
to minimize burrs at low speeds; the uncoated tool performed well for high-speed cutting; and TiAIN was
effective in laser-hybrid conditions. The results also confirm the potential of high-speed micromilling, with
advances in parameter selection and tool coatings, to achieve superior edge quality and precision.

Inconel 718
Burr formation

1. Introduction

Miniaturization is a key prerequisite for modern technological
development, enabling compact product designs with enhanced func-
tionality. The integration of novel capabilities have driven performance
improvements across multiple sectors, including aerospace, automotive,
electronics, and biomedical applications [1,2]. Escalating demand for

precision-engineered components drives the growth of innovative
micromachining technologies to fabricate truly complex and reliable
micro-scale features that are vigorous to these industries [3]. Mechani-
cal micromachining has appeared as a highly efficient method for
manufacturing complex microstructures with high accuracy and surface
integrity in various materials, including Ni-based superalloys [4,5]. This
is due to the unique microscale tool-workpiece interactions in
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micromilling, a miniaturized form of conventional milling in which the
cutting-edge radius and minimum chip thickness are influential process
parameters [6]. In demanding environments with a combination of se-
vere heat, mechanical loading and corrosive attack, nickel-based su-
peralloys are irreplaceable [7,8]. Of these, Inconel 718 has wide
applications in high performance industries such as aircraft turbines,
nuclear reactors, rocket and submarine engines due to its superior
strength, thermal stability, and corrosion resistance, which ensure
structural integrity at temperatures between 450 °C and 700 °C [9]. The
presence of aluminum in Inconel 718 enhances the production of
lightweight components with high thermal strength, making this
superalloy promising for harsh structural applications [10,11]. On the
other hand, due to its high strength and low thermal conductivity, work
hardening is more severe during micromachining of Inconel 718, owing
to a significant difference in cutting mechanics from conventional
manufacturing, which contributes additional heat generation in the
cutting zone. In such conditions, it is crucial to optimize machining
strategies and tool materials. Among the strategies proposed to improve
machinability, tool coating stands out among the most effective solu-
tions. Findings by M. Takdcs et al. have shown that process-resistant
workpiece materials can be processed in great leaps with the use of
new coatings. Factors like lower friction coefficients, improved coating
hardness and controlled thermal characteristics all combine to provide
better cutting results. Such characteristics contribute to tool life and
help minimize production costs, while further improving surface quality
and shape precision of machined parts [12,13].

Burr generation is still a major obstacle while micromachining, in
which burr causes a negative impact on dimensional accuracy
and functional reliability of the micro components machined. Although
burrs are generated in both macroscale and microscale machining, the
control methods are quite different because macroscale and microscale
have different size and precision requirements. In traditional macro-
machining, burrs are typically larger, allowing standard post-
processing deburring techniques to be used, which become impractical
and complex at the microscale due to tight tolerances and fragile ge-
ometries [14,15]. However, in micro-manufacturing, reliance on
post-processing is avoided, and alternative burr reduction strategies are
focused on in-process control, such as optimal cutting conditions
and modified tool geometry, rather than off-line deburring of the
machined part [16,17]. The mechanisms responsible for burr evolution
in micro end milling are inherently complicated, depending on the
localized material deformation and being very sensitive to machining
parameters including cutting speed, feed, depth of cut and tool geome-
try. Given that the burr size is nearby to that of the microfeatures, it is
essential to study burr formation, especially in Inconel 718 to advance
precision micromachining [18]. In recent years, considerable focus has
been directed toward energy-assisted machining techniques such as
laser-assisted machining, ultrasonic vibration-assisted machining, elec-
trical discharge machining, and electrochemical machining as a poten-
tial approach for processing hard-to-cut superalloys and overcoming
precision manufacturing challenges. Among these approaches,
laser-assisted hybrid micromachining has emerged as a particularly
promising strategy due to its ability to locally modify material behavior
while preserving geometric flexibility [19-22]. Nevertheless, Laser
Beam Machining (LBM) cannot produce application-ready parts in a
single process due to limitations in dimensional control and in the
generation of taper profiles [23,24]. Fiber, Nd:YAG, and gas lasers are
the choices for selection based on their operational wavelengths and
output powers. As reported by J. P. Davim, fine-scale material cleaning
and shallow ablation are the most common applications for fiber lasers
due to high precision and controllability. The integration of laser sys-
tems into contemporary manufacturing processes opens new opportu-
nities in high-value domains, including aerospace and nuclear
engineering [25]. This industrial interest stems from the ability of laser
systems to provide non-contact, force-free material removal with
localized thermal softening and precise delivery, which is particularly
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beneficial for machining high-strength alloys like Inconel 718.
Compared with purely mechanical methods, laser assistance reduces
cutting forces, improves process stability, and enhances edge quality,
thereby overcoming key limitations of conventional micromachining
[22,26,27]. According to Y. Zhang et al., the ablation starts when
a substrate absorbs enough thermal energy from the focused laser
beam. Localized melting, vaporization, or even thermochemical
decomposition occur, once delivered fluence exceeds the material's
threshold. This process provides accurate removal of the material and
the production of micro-to submicron-sized geometries [28,29].

Hybrid machining techniques have gained prominence owing to
their effectiveness in fabricating the miniaturized components from
difficult-to-machine materials. By incorporating energy-assisted pro-
cesses, including ultrasonic vibration, laser heating, and electrical
discharge methods, and by adjusting machining parameters to account
for material behavior, machinability is improved and mechanical
stresses are reduced during processing. Laser Assisted Machining (LAM)
is a reflective process in which a focused laser beam irradiates the
workpiece material to increase machinability by localized workpiece
softening through selective heating. This generates a very thin meta-
morphic layer that minimizes the adverse effects. Subsequently, me-
chanical cutting is used to remove the heat-affected zone and maintain
the integrity of the materials [30,31]. The experimental study by H.
Zhang et al. into laser assisted micromilling of Inconel 718 reported a
modest reduction in cutting forces [22]. Hybrid models operate in a
sequential or assisted manner to enhance performance and mitigate
drawbacks [32,33]. In sequential mode, processing was performed
successively on separate platforms which imparts flexibility in operation
and ease of customization [34], whereas in assisted mode, two proc-
esses operate simultaneously, with one supporting the other, requiring
precise coordination between processes and sophisticated equipment
needing higher initial capital investment. Recent works by Gupta et al.
demonstrate that these hybrid methods can successfully fabricate com-
plex microfeatures, such as holes, channels, and intricate 3D geometries,
across diverse materials, including metals, ceramics, and superalloys
[35,36].

At the microlevel, fluctuations in material microstructure give rise to
non-uniform mechanical responses like tool vibration induced by micro-
hardness variations. These are especially bad at lower feed rates and
cutting speeds, resulting in inferior surface texture. The implementation
of high-speed machining has become a key factor in shortening pro-
duction cycles and improving tooling accuracy. Hamdan et al. noted that
an optimal combination of feed rate and cutting speed can effectively
improve process performance compared to traditional patterns whose
cutting mechanics differ [37]. Giasin confirmed the effective applica-
tions of higher cutting speed in micromachining [38] and Baig et al.
reported that increasing tool speed tends to inhibit built-up edges
(BUE), while decreased speed promotes BUE and favors chatter and poor
surface finish. He also evaluated burr formation in Inconel 600 at
elevated speeds (75-125 m/min) with wet, dry and cryogenic conditions
[39]. Siddique et al. carried out a similar parametric investigation for
Inconel 718 at moderate speeds (25-75 m/min) to enhance machining
responses [40]. In another study, Hasan et al. introduced laser based
hybrid micromilling of Ti6Al4V at low cutting speeds (5-10 m/min) to
suppress burr formation and identify favorable operating parameters
[41]. Additionally, Faraz, Petru, and Sheheryar et al. explored the
machinability of Inconel 718 between 9 and 24 m/min using coated and
uncoated carbide tools with optimization models [42,43] whereas Gia-
sin extended the investigation to low speeds (8-12 m/min) with similar
tooling [38].

Despite extensive research on burr formation in low- and high-speed
micromilling of nickel-based superalloys, a significant gap persists
because comprehensive investigations systematically compare burr
formation mechanisms to facilitate the machinability of Inconel 718
across low-and high-speed and hybrid high-speed micromachining do-
mains remain scarce. Existing studies largely examine mechanical
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micromilling regimes in isolation, while the role of unconventional
processes like laser beam machining (LBM) remains underexplored
[44-47]. Particularly, studies that integrate hybrid strategies such as
combining laser machining with mechanical micromilling, leaving an
incomplete understanding of how these approaches influence burr
evolution, suppression and control under varying process conditions.
The present study introduces a comparative framework that evaluates
burr formation in Inconel 718 across three distinct micromachining
domains: low-speed micromilling, high-speed micromilling, and novel
laser-hybrid high-speed micromilling, where LBM is employed for pre-
conditioning process prior to high-speed micromilling coupled with
both uncoated and three different variants of coated micro end mills.
The laser stage selectively removes material along the intended cutting
path through controlled ablation, reducing the mechanical burden
associated with full material engagement and ploughing-domains
deformation during subsequent micromilling.

This hybrid strategy synergistically combines the geometric freedom
of laser ablation through LBM with the accuracy and flexibility of me-
chanical micromilling, not only clarifying how machining domain
fundamentally governs burr evolution but also demonstrates why hybrid
laser-mechanical strategies offer superior edge-quality control
compared with purely mechanical approaches. The findings of this study
are directly relevant to precision manufacturing sectors where burr
suppression is critical to dimensional accuracy, functional performance,
and reduction of post-processing costs. Specifically, it is applied in
producing high-aspect ratio mold prototypes, micro-textured and micro-
patterned surfaces, increasingly demanded in optics, electronics, semi-
conductors, micro-molding, micro-fluidic systems, microscale fuel cells,
micro-chemical reactors, and micronozzles, directly aligning the present
comparative and hybrid micromachining study with current industrial
trends [48-50]. Moreover, the study establishes a robust experimental
and statistical foundation using ANOVA to identify the dominant
machining parameters governing burr formation, thereby providing
practical guidance for industrial process selection and future develop-
ment of hybrid micromachining strategies for difficult-to-machine su-
peralloys. The key contributions of this work are summarized as follows:

e Introduction of a novel hybrid micromachining strategy that
explicitly integrates laser machining (LBM) as a controlled pre-
conditioning phase prior to mechanical micro-milling, significantly
enhancing the machinability of Inconel 718 in the micro-scale
domain.

e A systematic and quantitative comparison of burr formation

behavior across low-speed, high-speed, and laser-hybrid high-speed

micromachining domains, enabling clear identification of domain-
dependent dominance of machining parameters governing burr
width and burr height.

Comparative evaluation of uncoated and three advance coated

micro-carbide tools (TiAIN, TiSiN, and nACo) elucidated their

distinct roles in burr suppression and highlighted the domain-
specific tool-process compatibility.

Implementation of Taguchi L16 orthogonal experimental design to

efficiently investigate cutting speed, feed rate, depth of cut and tool

coating across four distinct levels, ensuring statistically robust and
economically efficient analysis.

Experimental evidence demonstrates the laser-hybrid high-speed

micro-milling provides the most efficient burr suppression,

exceeding the improvements achievable through high cutting speeds
alone and confirming the synergistic benefit of laser-assisted
preconditioning.

Provision of practical, industry relevant insights that support the

adoption of hybrid micro machining strategies to enhance edge

quality, reduce burr-related defects, and minimize downstream
deburring and finishing operations.
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2. Materials and methods

The experimental methodology adopted in this work was designed to
systematically explore the burr formation behavior of Inconel 718 across
three distinct micromachining domains: low-speed micromilling, high-
speed micromilling and novel laser-hybrid high-speed micromilling.
In the laser hybrid high-speed micromachining domain, the process was
implemented in two phases. Laser Beam Machining (LBM) was
employed as a preconditioning step prior to mechanical micromilling in
the first phase. Laser processing enables non-contact, force-free material
removal through controlled thermal ablation, offering clear advantages
over purely mechanical cutting when machining high-strength, low
thermal conductivity alloys such as Inconel 718. Previous studies by
Lauwers et al. have demonstrated that combining laser processing with
conventional machining significantly reduces cutting forces and torque
due to laser-induced thermal softening of the material [27]. In addition,
microhardness evaluations indicate that laser ablation can locally
reduce the material strength by up to 30% [26]. By selectively removing
the material along the intended cutting path, the laser phase reduces the
burden of full material engagement through controlled laser ablation
[22] and ploughing-dominated deformation during tool entry and sub-
sequent cutting in second phase. This preconditioning lower edge
loading on the micro-tool promotes more stable chip formation and
limits excessive plastic flow at the slot edges. Consequently, high-speed
micromilling proceeds under more favorable engagement conditions,
resulting in improved edge quality, reduced burr generation, and
delayed tool wear progression. The integration of laser systems therefore
represents a practical and industry-relevant strategy for enhancing
micromachining performance where conventional mechanical ap-
proaches alone remain insufficient.

The design of experiments was based upon Taguchi L-16 orthogonal
array which helps statistically reliable exploration of parameter effects
with less experimental runs. Influence of machining parameters namely
cutting speed, feed and depth of cut on the burr geometry was evaluated.
Uncoated and three kinds of coated tools were operated in micro milling
operations. The scheme for experimentation in three domains of
machining and framework for response analysis is enlightened in Fig. 1.
The use of a comparative framework provided possibilities to directly
assess the characteristics of burrs, which were measured and quantified
in terms of burr width and burr height across the three machining do-
mains. Subsequent analysis was performed with the use of the analysis of
variance (ANOVA) to estimate the statistical significance of input pa-
rameters on the burr responses. Verification tests were done against best
and worst combination of machining conditions in order to find
dependability and repeatability of experimental design. This systematic
approach provided not only correlations between input parameters and
the burr size, but it also provided a comprehensive comparison of
various configurations of micromilling of Inconel 718.

2.1. Selection of material

Inconel 718 has become the preferred alloy in highly stressed ap-
plications where steel and aluminum fail to maintain structural integ-
rity. It is characterized by very high thermal stability and resistance
to corrosion, maintaining mechanical properties across wide tempera-
ture spectrum ensuring its suitability as an attractive material in aero-
space, power generation, gas turbine and nuclear application systems
[51,52]. These features also render Inconel 718 well known for its poor
machinability, such that it represents a suitable material to study and
test advanced and hybrid micromachining processes targeting at
improved machinability while retaining intact the inher-
ent performances of the alloy. Table 1 exhibits a comparative overview
of the mechanical properties of the Inconel 718 with some aerospace
alloys.
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Fig. 1. Scheme of experimental procedure and subsequent analysis.

Table 1
Mechanical properties of Aerospace alloys.
Ti-6Al-4V ~ Monel Inconel Inconel
400 600 718

Density (g/cm®) 4.5 8.8 8.4 8.2
Hardness (HB) 320 110-150 360 390
Tensile strength (MPa) 950 512-620 1050 1600
Elastic modulus (GPa) 113.8 179 205 205
% Elongation 14 48 25-30 15
Thermal conductivity 6.7 21.8 10 11.4

(W/m.K)

2.2. Specifications of cutting tools

Ezugwu et al. emphasized that tools used for nickel-based superal-
loys must possess very high hot hardness, resistance to wear, mechan-
ical strength and toughness as well as chemical inertness at high
temperatures [53]. When micro-milling Inconel 718 is considered, an
overall tool material evaluation becomes mandatory since its perfor-
mance is highly dependent on both the intrinsic physical features of
materials, operation conditions and tool geometry. The fact that Inconel
718 is an abrasive workpiece material, in conjunction with its extreme
high temperature tolerance, imposes large thermo-mechanical loads on
cutting tools leading to impulsive wear and operational lifespan reduc-
tion [13,54]. To have a systematic comparison of the performance, both
uncoated tools and coated counterparts were tested. The latter contains
sophisticated protective coatings of Titanium Silicon Nitride (TiSiN),
Titanium Aluminum Nitride (TiAIN), and an AITiSi based nano-
composite (nACo). Fig. 2 shows the geometrical characteristics and
coating conditions of the used tools.

Two-flute square end carbide mill of 500 pm diameter from North
Carbide Tools was used for micro-milling operations in all the three
domains of machining in this study. The tool material chosen was
tungsten carbide because of its high mechanical strength and wear
resisting property. It had an overall length of 50 mm and a Rockwell
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hardness of 60 HRC which significantly increases durability toward
cutting wear. Additionally, the tool was designed with a helix angle of
30° which facilitates effective chip evacuation and improves machining
efficiency.

Table 2 outlines the technical specifications of the coatings procured
from North Carbide Tools [38]. The average cutting-edge radius mea-
surements were recorded as 2.73 pm for TiAIN, 2.87 pm for TiSiN, 2.66
pm for the nanocomposite nACo, and 2.57 ym for the uncoated tool. To
ensure reliability of outcomes and eliminate the influence of prior wear,
an unused tool was employed for each experimental machining trial.

2.3. Preparation of workpiece

A rectangular specimen of Inconel 718 measuring 10 mm x 10 mm
x 50 mm was rigidly fixed in a precision vice to ensure stability during
processing. The top face was initially leveled using a carbide end mill of
12 mm diameter to generate a precise datum surface to guide subsequent
laser slotting in laser hybrid approach and further mechanical micro-
milling in all three domains. Without altering the clamping setup, the
same specimen was then transferred to the micro-milling platform,
where mechanical machining was performed. The experimental proto-
col consisted of producing slots of 10 mm length, arranged at an inter-
slot distance of 3 mm, as illustrated in Fig. 3.

2.4. Laser machining equipment

The hybrid process of laser assisted mechanical micro-milling in-
tegrates laser technology to enhance machining precision. The process
was initiated through the generation of pilot slots on the pre-machined
Inconel 718 specimen using a fiber laser system with a rated output of
20 W. The fiber laser configuration Raycus/IPG optional produced by
Maxphotonics as depicted in Fig. 4, is capable of achieving a depth up to
0.5 mm. Control over slot geometry was achieved by varying operating
parameters of laser such as laser power, frequency and scanning speed
with the help of an inbuilt Graphical User Interface (GUI) provided by
the Ezcad2 software.
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100pm 100pm

H h

(© (d)

Fig. 2. Uncoated and Coated Tools: (a) Uncoated; (b) TiAIN-coated; (c) TiSiN-coated; (d) nACo-coated.

Table 2
Details of the coating specifications.

Focus
Specification AITiN TiSiN nACo Adjustment
Hardness (HV) 3200 3600 4500
Thickness (microns) 2.5-3 3 3 P s L L
Oxidation temp (oC) 900 1000 1200 OWerSUPRAY assi
Coefficient of Friction 0.3 0.45 0.4 Source
Color Black Golden Blue

Fig. 3. Inconel 718 specimen used in the study. Fig. 4. Laser machining equipment.
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The laser system allowed a minimum spot diameter of 0.01 mm,
scanning speed up to 7000 mm/s and positioning repeatability of
+0.003 mm. The optical system was designed with a focal length of 87
mm to be accurate for the beam when processing. Prior to finalization of
the machining conditions, a preliminary parameter screening was con-
ducted to investigate the influence of process parameters such as power
level, frequency value, scan speed and number of loop passes on pilot
slot geometry. In the analysis, slot depth was reserved to be a key factor
and slot width has been regarded as another. Based on these preliminary
results, an adequate combination of parameters to obtain target slot
depths was translated so as to be capable of achieving target slot depths
with a high level of accuracy. To facilitate successful hybrid machining,
the depth of laser-induced pilot slots were intentionally set to be 10 pm
shallower than the target depths for micro-milling operation. For
example, a 50 pm laser slot was created before milling a 60 pm
machining slot. Fig. 5 shows representative pilot slots with corre-
sponding parameter conditions. Higher pulse frequencies enabled the
laser to generate more uniform and consistent pilot slots with lower
variation, whereas low frequencies resulted in recast layers forming
because of poor localized energy, resulting in irregular melting.

2.5. Setup for milling operation

Once the pilot slots were milled, the workpiece was then machined to
its final depth on a high precision 3-axis vertical mill center (YDPM
Model MV-1060), as presented in Fig. 6(a). The milling operation pre-
sented in Fig. 6(b), was performed with care to ensure the dimensional
accuracy and stable processing. Further, all the machining experiments
were performed by the Taguchi experimental design presented in Sec-
tion 2.6. To maintain the position accuracy when the laser machining is
followed by milling, the sample was clamped first in 2 inch precision
vice before removing material by laser. Not only positional accuracy was
achieved in transferring specimen on the milling center but also, this
strategy successfully minimized the vibration that results in a negative
impact on micro-milling slot geometry. Calibrations of the Z-axis were
conducted by BMD Messwell 410V tool pre-setter that are required for
hybrid micromachining processes with micron level of measurement
accuracy and can be seen in Fig. 6(c).

2.6. Taguchi design of experiments

Unreasonable choice of machining parameters results in tool
degradation, compromises tool longevity and destabilizes the process
which is even more significant in micromilling. For stable processing
and dependable machining results, the critical milling parameters

Journal of Materials Research and Technology 41 (2026) 5188-5204

require to be efficiently optimal adjusted [11]. Optimization of param-
eters stabilizes the process and guarantees reliable outcomes across
multiple machining environments. In this context, the Taguchi experi-
mental design has attracted significant attention due to its employment
of orthogonal arrays for a systematic parameter examination without
exhaustive full factorial experimentation. The advantage of this
approach is the reduction in the number of actual experiments while
retaining statistical accuracy and increasing process robustness as well
as avoiding environmental or material variations [55]. In the current
work, a Taguchi L16 orthogonal array has been planned to study four
significant factors: cutting speed, feed rate, depth of cut and tool
coating type. Each process parameter was investigated at four distinct
levels, shown in Table 3, to ensure sufficient coverage of the operating
domain and to capture potential nonlinear and transition behaviours
characteristic of micro-milling of Inconel 718. The input ranges of the
process parameters: low spindle speed (6-10.5 m/min), high spindle
speed (50-125 m/min), feed per tooth (0.5-3.5 pm/tooth), and depth of
cut (60-150 pm), were selected to span both speed domains and the
micro-milling scale where minimum uncut chip thickness, ploughing—
shearing transition, tool-workpiece contact mechanics, burr formation
sensitivity, and surface integrity evolve significantly. Similar parameter
windows have been reported in prior micro-milling studies on Inconel
718 and comparable high-strength alloys with comparable cutting tools
and scale [38-40,56]. Specifically, feed per tooth range are chosen to
distinguish the three micro-milling regimes: ploughing, transition, and
shearing. This design allows investigation of the coating and tool per-
formance under both size-effect dominated and conventional cutting
conditions, following the methodology adopted in prior micro-milling
studies done by Aramcharoen & Mativenga [57], de Oliveira et al.
[58], Anand-Krishnan & Mathew [59] and Syed Jaffery [60]. This
four-level scheme offers adequate resolution to meaningful identifica-
tion of trends while maintaining feasible experimental cost. It integrates
all the machining domains into single comparative context along with
fixed values of feed rate, cutting depth and tool coating conditions to
ensure uniformity for meaningful cross-domain comparison.
Contrasting to full factorial design which would require 256 ex-
periments for four parameters at four levels, utilizing the Taguchi frac-
tional factorial scheme required only 16 trials per domain which is
highly efficient. Three machining domains were tested for a total of
96 experiments. Confirmatory testing was conducted to verify the
robustness of these observations in all instances, with an additional 18
runs. Burr size was selected as the response variable and subsequent
effects of different cutting condition factors such as a range of speed
levels, feed levels (below, equal to, and above the cutting-edge radius),
several cutting-depths, and tool types (uncoated and coated) were

(a) 100, 60 15, 70

(b) 100, 60, 20, 60

(c) 100, 60, 25, 50 (d) 100, 60, 30, 40

Fig. 5. Laser generated pilot slots for depth levels: (a) 50 pm; (b) 80 pm; (c) 110 pm; (d) 140 pm, using defined parameters (Power, Frequency, Loop Count,

Scan Speed).
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Fig. 6. Experimental setup components: (a) Vertical milling machine; (b) Machining operation; (c) Tool Pre-setter.

Table 3

Levels of process parameters in micromilling across domains.
Input parameters Level 1 Level 2 Level 3 Level 4
High Speed Domain (V,, m/min) 50 75 100 125
Low Speed Domain (V,, m/min) 6 7.5 9 10.5
Feed (f;, pm/tooth) 0.5 1.5 2.5 3.5
Depth of Cut (ap, yum) 60 920 120 150
Tool Coatings Uncoated TiAIN TiSiN nACo

analyzed. To further assess the significance and relative impact of each
factor, ANOVA was utilized as a useful tool to gain an understanding of
the most influencing parameters affecting process performance.
Meta-heuristic optimization techniques such as Genetic Algorithms,
Particle Swarm Optimization, Non-Dominated Sorting Genetic

Burr Width

Burr
Height

- -

Slot Wall

Algorithm II, and Grey Wolf Optimizer are powerful tools applied for
solving complex, nonlinear, and multi-objective optimization problems
in machining and manufacturing [61-63], and have been shown to
effectively explore global optima in large search spaces. However, these
approaches typically require a large number of function evaluations or
iterations to converge and extensive computational or surrogate
modeling, which are particularly effective in simulation-based studies
but impose substantial experimental burden associated with physical
machining trials and cost constraints when applied on high-cost alloys
such as Inconel 718 [64,65].

2.7. Measurement of responses

Burr generation in micro-milling manifests in several distinct forms
namely top, entrance, exit and bottom burrs depending on tool

Fig. 7. Burr Width: (a) Measurement approach; (b) Measurement of burr width; (c) Representative micrographs.
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engagement mechanics and cutting path orientation. Chips produced in
the course of micromilling move upwards along the rake face of the tool,
inducing the material that is influenced by chips and workpiece to be
detached at high tensile stresses. A portion of this deformed material
remains adhered to the top surface instead of being removed with the
chips, leading to the formation of top burrs [66]. The top burr has been
considered in this study. In Fig. 7(a), the approach for the measurement
of both the top burr metrices is illustrated while Fig. 7(b) and (c) pre-
sents the measurement of burr width by enumerating horizontal length
of the burr relative to the slot wall and representative micrographs,
respectively [16].

Experimental evidence has demonstrated that the burr formation is
much more severe on the down-milling side, a trend largely attributed
to low instantaneous cutting-edge velocity with respect to the up-milling
arrangement and it is consistent with observation made by Syed H.
Imran Jaffery [60]. For the present work, maximum value of top burr
width and height on the down-milling edge of each slot were measured
with a digital microscope (DXS-1000, OLYMPUS, Tokyo, Japan) as
shown in Fig. 8(a), under different magnifications by using microscope's
integrated OLYMPUS stream software DSX-BSW version 1.1.5 shown in
Fig. 8(b).

The corresponding burr sizes, indicating the burr formation status in
three machining domains: low-speed, high-speed and laser hybrid-high
speed are presented in Table 4 against the burr width and Table 5 as for
the burr height, which fairly compare the performance of burr response
under various processing conditions.

3. Results and discussions

To reduce the effect of tool wear, every experimental condition was
replicated twice under identical settings using a new tool for each trial.
The experimental results are summarized in Tables 4 and 5 against burr
width and height, respectively. Concerning micromachining, being a
highly sensitive technology, even minor deviations and inaccuracies
have a considerable impact on the result. The minor deviations
observed between successive runs were primarily linked to operator
error, tool variability and inherent machine noise.

3.1. Application of ANOVA

To examine the statistical significance of factors, ANOVA was
applied [55], using the lower-the-better principle [20] to compute
contribution ratios and rank parameter influence. This was executed by
calculating the sequential sum of squares (SSp) for every parameter
using Equation (1).
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Where, i is level, A is processing parameter, j is number of runs, n is the
total number of runs at a specific level, T is value of response at each run,
and N is the total number of runs. Total sum of squares (SSt) and
Sequential sum of squares of error (SS.) can be established using
Equation (2) and Equation (3).
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The parameter with the high F-value signifies its high impact on
output responses. The percentage contribution or contribution ratio (%
CR) of individual parameters can be determined by Equation (4).

vocR 55~ (d,;;( MSSkes)
T

x 100 ()]

The parameters with p-values below 0.05 were regarded as statisti-
cally meaningful at the 95% confidence interval [67]. Validation
experiments were performed with the most and least favorable pa-
rameters settings to validate the predictions made by ANOVA. These
results clearly demonstrate that successful optimization of micromilling
process for Inconel 718 requires understanding of material response,

tool wear and parameter interactions [54,68-70].

3.2. Contribution of process variables

3.2.1. Burr width analysis

The contribution of the input factors to burr width for low-speed,
high-speed and laser hybrid high-speed micromilling domains are
summarized in Table 6. At low speed, cutting speed played a major role
with an effect percentage of 32.41%, followed by depth of cut (26.00%),
while feed rate (13.88%) and coatings (12.22%) showed relatively
less effects. This suggests that at lower cutting speeds, burr formation is
highly influenced by material removal rate and thermal-mechanical
interaction related to the speed and depth of cut. In the domain of
high-speed machining, the relative influence of process variables shifted
towards tool coatings (26.42%) and depth of cut (25.69%), surpassing
cutting speed (22.84%) in significance, while feed reported 20.28% in-
fluence. The enhanced influence of the coatings under these conditions
emphasizes the importance of thermal stability, hardness and

@ protic i
ENENE
EoRER

=‘

Measurement type

MEERn
] ] <]

Fig. 8. Measurement configuration: (a) Digital Microscope DSX-1000; (b) Measurement of burr width.
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Table 4

Journal of Materials Research and Technology 41 (2026) 5188-5204

Taguchi L-16 orthogonal array of process parameters along with corresponding burr widths.

Test Input Parameters Common to Both Speed Domains Response Parameter for High and Low Speed Domains

Feed fz DoC ap Tool Domain (LSM) Domain (HSM) Domain (L-HSM)

Coating Low Speed (Input) Burr Width High Speed (Input) Burr Width Laser- High Speed Burr Width

(pm/th) (pm) (to (m/min) (pm) (m/min) (pm) (m/min) (pm)
1 0.5 60 UCoat 6 192.03 50 126.13 50 130.21
2 1.5 90 TiAIN 6 179.23 50 153.97 50 109.42
3 2.5 120 TiSiN 6 273.38 50 202.03 50 180.22
4 3.5 150 nACo 6 256.19 50 128.67 50 82.51
5 0.5 90 TiSiN 7.5 243.72 75 148.29 75 143.2
6 1.5 60 nACo 7.5 221.73 75 145.11 75 151.17
7 2.5 150 UCoat 7.5 409.63 75 192.13 75 159.84
8 3.5 120 TiAIN 7.5 295.81 75 166.16 75 76.37
9 0.5 120 nACo 9 288.06 100 199.17 100 176.29
10 1.5 150 TiSiN 9 256.17 100 224.71 100 184.08
11 2.5 60 TiAIN 9 251.43 100 249.04 100 123.29
12 3.5 90 UCoat 9 341.09 100 102.08 100 105.41
13 0.5 150 TiAIN 10.5 279.14 125 166.23 125 137.18
14 1.5 120 UCoat 10.5 204.07 125 139.21 125 124.86
15 2.5 90 nACo 10.5 130.71 125 111.26 125 88.54
16 3.5 60 TiSiN 10.5 221.39 125 157.14 125 113.68

Table 5
Taguchi L-16 orthogonal array of process parameters along with corresponding burr heights.

Test Input Parameters Common to Both Speed Domains Response Parameter for High and Low Speed Domains

Feed fz DoC ap Tool Domain (LSM) Domain (HSM) Domain (L-HSM)

Coating Low Speed (Input) Burr Height High Speed (Input) Burr Height Laser- High Speed Burr Height

(pm/th)  (um) (to (m/min) (pm) (m/min) (pm) (m/min) (pm)
1 0.5 60 UCoat 6 133.98 50 107.19 50 94.23
2 1.5 90 TiAIN 6 202.92 50 101.03 50 42.18
3 2.5 120 TiSiN 6 243.09 50 206.61 50 107.11
4 3.5 150 nACo 6 228.23 50 116.62 50 46.83
5 0.5 90 TiSiN 7.5 192.03 75 127.58 75 88.95
6 1.5 60 nACo 7.5 157.32 75 142.07 75 125.27
7 2.5 150 UCoat 7.5 288.37 75 145.03 75 62.32
8 3.5 120 TiAIN 7.5 127.29 75 94.01 75 39.88
9 0.5 120 nACo 9 174.58 100 118.01 100 111.37
10 1.5 150 TiSiN 9 218.31 100 157.63 100 150.77
11 2.5 60 TiAIN 9 217.09 100 109.37 100 86.13
12 3.5 90 UCoat 9 247.67 100 54.17 100 71.98
13 0.5 150 TiAIN 10.5 183.77 125 113.57 125 122.06
14 1.5 120 UCoat 10.5 133.23 125 98.49 125 89.41
15 2.5 90 nACo 10.5 114.37 125 74.43 125 70.37
16 3.5 60 TiSiN 10.5 151.13 125 111.37 125 99.25

tribological behavior of tool surfaces for suppress burr evolution at high
speeds. The proximity effects of coatings and depths of cut also indicate
a coupled mechanism, where the coatings mitigate the increased me-
chanical and thermal stresses from deeper engagements.

For the laser hybrid high-speed domain, it can be seen that the
sequence turned clearly around, with feed (37.05%) having primary
effects and coatings (26.24%) of secondary effect, whereas the effects of
the speed (14.87%) and depth of cut (10.16%) are being followed. The
role of feed in this field can be explained with the help of localized
softening with laser assistance, and the decrease of the cutting resistance
that causes the shift of the burr formation sensitivity towards chip load
per tooth. Coating was found to be important in order to point out the
synergy of the action to preserve the edge integrity from both thermal
and vibrational fields. The relatively lower influence of depth of cut and
speed is explained in reference to the stabilizing effect of the hybrid
energy input on the reduction of direct contribution to burr generation.

In summary, the trends reveal a domain-specific evolution of
parameter influence across both burr metrics as illustrated in Fig. 9(a)
and (b). Cutting speed dominates at low speed, tool coatings gain
prominence at high speed, and feed becomes critical under laser hybrid
conditions. These deviations are consistent with physics of underlying
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mechanisms for each domain: thermal-mechanical equilibrium at low
speed, material-tool interaction and tribology at high speed and energy-
assisted softening for the hybrid case. These findings highlighted the
requirement for domain-specific parameter optimization techniques for
efficient burr suppression of Inconel 718 micromachining.

3.2.2. Burr height analysis

Statistical significance of each process parameter for burr height is
presented in Table 7 for low-speed, high speed and laser hybrid high-
speed micromilling. Under low-speed conditions, cutting speed is the
major affecting parameter (28.54%) followed closely by depth of cut
(27.61%). Feed (12.21%) and coatings (7.81%) showed relatively less
importance. This ranking is consistent with the results for burr width at
low speed, where cutting speed was also found to be the predominant
factor controlling burr formation at lower machining speeds.

In the high-speed domain, rank levels of parameters display a
shearing manner with respect to burr width. The coatings have been
observed once more with the largest interference (37.96%), followed by
the depth of cut (25.92%), while feed (16.62%) and speed (13.76%) do
not play a significant role. The ranking is very close to that in burr width,
only with small numerical differences of contribution numbers, which
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Table 6

Significance and contribution of process parameters for burr width.
Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
ANOVA at Low Speed
Speed 3 42191 32.41% 42191.1 14063.7 13.26 0.000
Feed 3 18073 13.88% 18072.6 6024.2 5.68 0.006
DoC 3 33838 26.00% 33838.0 11279.3 10.63 0.000
Coatings 3 15905 12.22% 15904.9 5301.6 5.00 0.010
Error 19 20159 15.49% 20158.5 1061.0
Total 31 130165 100.00%
ANOVA at High Speed
Speed 3 11466.4 22.84% 11466.4 3822.12 30.31 0.000
Feed 3 10179.4 20.28% 10179.4 3393.14 26.90 0.000
DoC 3 12897.6 25.69% 12897.6 4299.19 34.09 0.000
Coatings 3 13261.3 26.42% 13261.3 4420.42 35.05 0.000
Error 19 2396.3 4.77% 2396.3 126.12
Total 31 50200.9 100.00%
ANOVA at Laser Hybrid High Speed
Speed 3 5088.5 14.87% 5088.5 1696.15 8.07 0.001
Feed 3 12678.0 37.05% 12678.0 4225.99 20.10 0.000
DoC 3 3476.9 10.16% 3476.9 1158.95 5.51 0.007
Coatings 3 8978.7 26.24% 8978.7 2992.92 14.24 0.000
Error 19 3994.7 11.67% 3994.7 210.25
Total 31 34216.8 100.00%

Speed Speed

Coatings Feed Coatings Feed
Low Speed Low Speed
OHigh Speed OHigh Speed
OLaser-High Speed OLaser-High Speed
DoC DoC
(a) (b)

Fig. 9. Comparative analysis of contribution for process parameters across three machining domains against; (a) Burr Width; (b) Burr Height.

Table 7

Significance and contribution of process parameters for burr height.
Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
ANOVA at Low Speed
Speed 3 21607.5 28.54% 21607.5 7202.50 7.58 0.002
Feed 3 9247.7 12.21% 9247.7 3082.55 3.25 0.045
DoC 3 20901.0 27.61% 20901.0 6967.00 7.34 0.002
Coatings 3 5913.3 7.81% 5913.3 1971.12 2.08 0.137
Error 19 18043.0 23.83% 18043.0 949.63
Total 31 75712.5 100.00%
ANOVA at High Speed
Speed 3 5035.7 13.76% 5035.7 1678.56 15.18 0.000
Feed 3 6082.1 16.62% 6082.1 2027.35 18.34 0.000
DoC 3 9489.6 25.92% 9489.6 3163.19 28.61 0.000
Coatings 3 13896.6 37.96% 13896.6 4632.21 41.90 0.000
Error 19 2100.7 5.74% 2100.7 110.56
Total 31 36604.6 100.00%
ANOVA at Laser Hybrid High Speed
Speed 3 5032.1 17.30% 5032.05 1677.35 7.60 0.002
Feed 3 8558.4 29.43% 8558.37 2852.79 12.93 0.000
DoC 3 4537.9 15.60% 4537.91 1512.64 6.86 0.003
Coatings 3 6764.8 23.26% 6764.75 2254.92 10.22 0.000
Error 19 4191.5 14.41% 4191.55 220.61
Total 31 29084.6 100.00%
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further illustrates the role played by coatings in stabilizing shearing
action and inhibiting burr development at high speeds. In the laser
hybrid high speed domain, feed was labelled as the most dominant
factor at 29.43%, followed by coatings (23.26%), speed (17.30%) and
depth of cut (15.60%). This standing is in correlation with burr width in
the same domain where feed comes at first factor, meaning that laser
induced softening changes the dominant mechanism of burr formation
to chip load dependence and tool-workpiece interaction.

The trends for burr width and height ranking shown in Fig. 10 are
concluded to be same in both low-speed and laser hybrid high-speed
domains, where cutting speed is dominant at low speed whereas feed
takes control under the laser hybrid conditions. This strong alignment
across the two-burr metrics indicates that the mechanisms controlling
burr initiation and propagation influence both dimensional attributes in
a similar manner. In the high-speed domain, slight differences are visible
in Fig. 10(b); for speed and feed they take turns in predominantly
contributing to width and height. These dissimilarities are, nevertheless,
minor and that the basic order of importance of these influences is not
changed. The robustness of the ranking observed for burr width and
height in most domains indicates that material flow, chip load, thermal
softening and tool-workpiece interaction influence burr width
and height simultaneously rather than acting independently. Domain-
specific differences arise essentially from different cutting speeds and
the addition of laser assistance which changes the equilibrium between
mechanical cutting forces and local thermal effects.

3.3. Burr trend analysis

3.3.1. Burr width analysis

The effect of process parameters on burr width is presented in the
main-effect plots shown in Fig. 11 for low-, high-, and laser hybrid high
speed micromilling of Inconel 718. The three domains are easily
differentiated. The lowest spindle speed consistently resulted in
the highest burr widths, reflecting the inability of lower spindle speeds
to cut chips effectively leading to plastically deformed larger burrs. In
contrast, the laser-hybrid process has the lowest values indicating that
the local softening caused by thermal effects are beneficial for materi-
al removal and that burr formation is reduced. High-speed machining
offers moderate reduction, benefitting from higher cutting velocities but
lacking the thermal softening present in the hybrid mode.

For cutting speed trends shown in Fig. 11(a), all three domains show
an inverted-U response: burr width rises to a peak at 7.5 m/min for low
speed and drops to minimum value at 10.5 m/min; 100 m/min for high
and hybrid and then drops to minimum value at 125 m/min. The decline
is most pronounced in the hybrid case, indicating effective thermal-
-mechanical assistance at higher speeds. The sharp response of burr
width to cutting speed in the low-speed domain corresponds well with
ANOVA findings, where speed was the most influential parameter. For
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feed per tooth, trends are domain dependent as shown in Fig. 11(b). In
the domain of low-speed, burr width decreases with feed, minimum at
1.5 pm/tooth and then rises, reflecting greater plastic deformation when
chip segmentation is poor. High speed domain is non-monotonic, a peak
near 2.5 pm/tooth suggests a transition between ploughing and stable
shearing while in laser hybrid, burr width drops sharply at the highest
feed (3.5 pm/tooth), implying that larger chip load plus laser softening
promotes cleaner chip cutting. The significant range observed here is
consistent with ANOVA, highlighting feed as the primary influence in
the hybrid domain.

Fig. 11(c) illustrates that depth of cut strongly influences burr for-
mation in the low-speed domain, with burr width increasing progres-
sively as undeformed chip thickness rises. In high-speed and hybrid
domains, U-shaped trend with a minimum value at 90 pm is observed,
however, exhibit relatively stable responses with only modest increases,
indicating that elevated cutting speeds and hybrid assistance mitigate
the adverse effects of higher material engagement or stabilize chip for-
mation. Fig. 11(d) shows that in the high-speed domain, uncoated tools
produced the smallest burrs, while TiAIN gave the largest. This results
from sharper edges on uncoated tools reducing ploughing and minimum
chip-thickness effects, whereas TiAIN coatings increase edge rounding
and burr growth despite its well-known wear resistance. In the hybrid
domain, TiAIN coatings achieved the smallest burr widths, while TiSiN
performed the worst. This suggests that superior thermal stability and
wear resistance of TiAIN coatings allowed it to exploit the softened
cutting zone created by laser assistance. Coating effects were less sig-
nificant at low speed where plastic flow dominates.

The contour interpretation gives a natural display of the joint impact
of two factors on serrated burr width and helps to intuitively recognize
interaction effects and favorable domain areas. These prescribe mini-
mum and maximum burr regions, indicating zones of robust normal
operation. For example, in Fig. 12(a) for low-speed domain, lower feed
and higher speed combinations yield small burr width, increased depth
of cut tends to increase the size of burrs particularly at high-speed
domain as shown in Fig. 12(b). Based on all these findings in a
comparative cross-domain analysis it is concluded that burr formation,
in principle controlled by cutting mechanics, material's plasticity and
thermal effects, finds its balance point changed fundamentally when
hybrid laser assistance is applied. It uses a laser to assist in burr width
reduction by material softening, providing a substantial advantage over
traditional low- and high-speed micro-milling. Taken together, these
effects lead to the conclusion that the hybrid technique is more efficient
and robust in controlling burr formation in precision micromachining
of superalloys.

3.3.2. Burr height analysis
In all three domains, burr height exhibits strong similarities to those
observed for burr width, but in some cases, magnitude of variation is less
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40%

230% % 35%
3\2 25% 3\2 0%
T 20% g 2%
€ 15% £ =%
S S 15%
3 10% 23 10%
‘g 5% "S’ 5%
O 0% O 0%

DoC Feed
Process Parameters

Speed Coatings Coatings

®BurrWidth ™ Burr Height

High-speed Domain

DoC

Process Parameters

W BurrWidth ® Burr Height

Laser high-speed Domain
40%
35%
30%
25%
20%
15%
10%
5%
0%

Contribution Ratio (%age)

Speed Feed Feed Coatings  Speed DoC

Process Parameters

W Burr Width M Burr Height

(a)

(b)

(©

Fig. 10. Comparative analysis of significance for burr width and height across three machining domains; (a) Low-speed domain; (b) High-speed domain; (c) Laser

high-speed domain.
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Fig. 11. Main effect analysis for burr width: (a) Cutting Speed; (b) Feed; (c) Depth of Cut (d) Tool Coatings.

pronounced. Burr height has a declining trend with the increase of speed
like burr width, in high-speed domain as shown in Fig. 13(a), while low
speed and hybrid domains presents a non-linear variation. When
compared with the burr width, the decrease of burr height is more
gradual and shows slightly less sensitivity to speed. For hybrid domain
in Fig. 13(b), a particular decrease of burr height occurs for large feeds,
as previously observed for burr width but much more suppressed. In
contrast, in the low-speed domain, the increase of burr height with feed
is more significant than that of burr width, indicating higher suscepti-
bility to chip load for height under conventional conditions.

Regarding depth of cut, trends depicted in Fig. 13(c) for burr height
largely mirror those for burr width across all domains. However, the
effect is more magnified for burr height at low speed, where increased
depth of cut strongly aggravates vertical burr growth. Fig. 13(d) dem-
onstrates that the comparison of coatings' ranking is basically propor-
tional with burr width, though the differences are amplified in
magnitude. TiAIN again presented the best performance in the hybrid
domain as it reduces burr height profile, while TiSiN remains the worst
performer. Interestingly, high-speed superiority of uncoated tools
is maintained, proving that the geometry effects dominate coating
tribology for both burr width and height.

Collectively, Figs. 11 and 13 show that burr width and height exhibit
trend in approximately similar manner across process parameters and
machining domains with minor corresponding differences in their
magnitudes. In low-speed domain, the burr width and height are also
mainly controlled by the cutting speed and depth of cut, but the burr
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height displays a higher magnifying effect at larger chip loads. At high-
speed conditions, the focus of coating varies marginally depending upon
width and height, but the priority remains the same in confirming an
edge-based geometric impact. In the hybrid domain, TiAIN shows su-
perior performance for both matrices compared to other coatings,
indicating that resistance to thermal softening under laser hybrid con-
ditions is critical. In general, burr height is somewhat more influenced
by feed and depth than the burr width, yet underlining mechanisms are
shared. This dimensionally consistent alignment for Inconel 718 in-
dicates that burr formation is process controlled by common physical
principles associated with material flow and chip load, linked with
thermal softening with some domain specific differences due to the
cutting velocity and use of a laser.

Contour plots provided in Fig. 14 illustrate the collective influence of
machining variables on burr height, which made it easy to understand
the interaction tendency and zones for minimum burr height. In the low
speed cutting range, shown in Fig. 14(a), moderate feeds and interme-
diate speeds typically result in low burr heights, with higher ones being
promoted at higher feeds or depths of cut leading to enhanced plastic
deformation. These sensitivities are more prominent for the high-speed
domain in Fig. 14(b), where an increased speed results in higher ther-
mal and mechanical loading which leads to larger burrs. With laser
assistance in Fig. 14(c), the overall burr-height distribution shifts toward
markedly lower levels across the parameter space. Localized thermal
softening reduces cutting forces and suppresses the extent of plastic flow
which limits the burr growth. Comparatively, the three domains
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Fig. 12. Contour plots of Burr width against machining parameters across three domains: (a) Low speed; (b) High speed; (c) Laser high speed.

demonstrate that although burr height is governed by the interplay of
cutting mechanics, thermal effects, and material plasticity, hybrid laser
assistance significantly moderates these mechanisms. This establishes
the hybrid approach as a more robust and effective strategy for con-
trolling burr height in precision machining of superalloys.

3.4. Validation of ANOVA results

In this study, optimization for single objective emphasize in mini-
mizing a specific response variable independently for each machining
domain under ‘smaller-is-better’ criterion, without considering in-
teractions or competing objectives. For every domain, the influence of
cutting speed, feed rate, depth of cut, and tool coating was examined,
and the specific level of each parameter yielding the minimum and
maximum burr values was identified from the main-effect trends shown
in Figs. 11 and 13. Analysis of main effect plots showed that the most
prominent responses depending on parameter settings, indicating their
sensitivity in response to different input conditions.

Confirmatory tests were performed for the predicted best and worst
parameter combination of each domain for verification to confirm the
robustness of the Taguchi experimental design, reported in Table 8 and
Table 9 against burr width and height, respectively. The excellent
agreement between these predicted Taguchi results with those summa-
rized in Tables 4 and 5 for burr width and height, respectively, confirms
strong model fidelity, verifies the validity of the design strategy and
substantiates the credibility of the experimental procedure.
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4. Conclusions

This study presents a comprehensive experimental comparison of
burr formation in Inconel 718 across low-speed, high-speed, and novel
laser-hybrid high-speed micromachining domains, addressing a gap that
has remained insufficiently explored in existing literature. The results
demonstrate that burr formation is strongly dependent on the machining
domain, with high-speed micromilling offering substantial advantages
over low-speed conditions, and laser-hybrid high-speed micromilling
delivering the most pronounced burr suppression. The integration of
Laser Beam Machining (LBM) as a preconditioning step in the hybrid
domain further amplifies these benefits by thermally induced material
ablation, reducing cutting resistance, and consistently yielding the
smallest burr dimensions across all investigated parameter settings and
tool coating strategies. Statistical analysis using ANOVA rigorously es-
tablishes the domain-dependent significance of machining parameters
in governing burr width and height, highlighting the necessity of
domain-specific parameter selection. Overall, the outcomes establish
laser hybrid high speed micromilling as an effective and robust strategy
for bur control, offering clear advantages in edge quality and reduced
post processing requirements. The study underscores the potential of
optimized hybrid micro machining as a practical solution for precision
manufacturing of nickel-based superalloys with reduced post process-
ing. Key findings are summarized as follows:

1. Cutting speed, tool coating, and feed rate emerged as dominant
factors governing burr generation, with their relative contributions



A.W. Tehami et al.

Journal of Materials Research and Technology 41 (2026) 5188-5204

Burr Height vs Cutting Speed

»

75 10.5

210 A

o 9
o O 8

Burr Width (um
8

110 A

w0
o
L

P

~
o

50 75 100

Cutting Speed (m/min)
el High Speed ==@m=| ow Speed e=ge=| aser-High Speed

125

Burr Height vs Feed/Tooth

Burr Width (um)
[ = o= NDN
3 8883888

[2}
o

0.5 15 25

Feed (um/ Tooth)
el High Speed ==@m=| ow Speed === | aser-High Speed

3.5

(@)

(b)

Burr Height vs Depth of Cut

220
200
180

m

3

2

i

5

120
100
80
60

Burr Width (

60 90 120

Depth of Cut (um)
el High Speed em@mm| ow Speed eiyms | aser-High Speed

150

Burr Height vs Tool Coatings

N~
8§ 8 8 8

Burr Width (um)
8

=
0 o
S o

(2]
o

TIAIN TiSiN nACo

Tool Coatings
el High Speed em@mm| ow Speed e=femm| aser-High Speed

Uncoat

©

(d)

Fig. 13. Main effect analysis for burr height: (a) Cutting Speed; (b) Feed; (c) Depth of Cut (d) Tool Coatings.

varying across machining domains. For burr width their contribu-
tions were 32.88% in low speed, 27.87% in high-speed domain and
37.05% under laser hybrid conditions, while the corresponding
contributions to burr height were 28.54%, 37.96% and 29.43%
respectively, highlighting consistently dominant yet domain specific
role of these parameters in controlling burr geometry.

. Tool coating performance was highly domain dependent: nACo
coatings provided superior burr suppression under low-speed con-
ditions, uncoated tools performed best in high-speed micromilling
and TiAIN coatings demonstrated superior burr suppression in the
laser hybrid domain, emphasizing the domain specific tool advan-
tage and underscoring its importance in judicious tool selection.

. A clear demarcation among machining domains were observed, with
the laser hybrid high-speed domain consistently producing the
smallest dimensions, the low-speed domain generating the largest
burrs, and conventional high-speed micromilling exhibiting inter-
mediate performance.

. Consistent trends in both burr width and burr height reveal shared
suppression mechanisms in the hybrid domain, where localized
laser-induced preconditioning reduces cutting resistance and plastic
material flow at the edge, enabling burr suppression beyond what
can be achieved through high cutting speeds alone.

. The results demonstrate that machining domain selection governs
burr formation to a degree comparable with primary cutting pa-
rameters, indicating that process strategy plays a decisive role in
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edge quality. This elevates the laser hybrid micromachining as an
inherently more effective and robust burr suppression approach.

5. Future work

Based on the present experimental study, the following future
research directions are proposed to further advance hybrid
micromachining.

e Meta-heuristic optimization is acknowledged to complement the
present experimental framework in future studies to perform global
multi-objective optimization of burr width and height using surro-
gate models derived from the present experimental data. This di-
rection is expected to broaden the applicability and optimization
capability of machining strategies for difficult-to-machine materials.
Extending the present comparative framework to other critical
micromachining responses, including surface roughness and tool
wear, across low-speed, high-speed, and laser-hybrid domains. Such
systematic comparisons are expected to provide a more compre-
hensive understanding of process-response interactions and to sup-
port optimized process selection for miniaturized, high-precision
components.
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Fig. 14. Contour plots of Burr Height against machining parameters across three domains: (a) Low speed; (b) High speed; (c) Laser high speed.

Table 8 Table 9
Optimal input parameter configuration for burr width control. Optimal input parameter configuration for burr height control.
Conditions Input Parameters Response Conditions Input Parameters Response
Speed Feed fz DoC Tool Burr Speed Feed fz DoC Tool Burr
Ve ap Coatings ~ Width Ve ap Coatings  Height
(m/ (pm/ (pm) (to) (pm) (m/ (pm/ (pm) (to) (pm)
min) tooth) min) tooth)
Low Speed Best 10.5 1.5 60 nACo 126.14 Low Speed Best 10.5 0.5 60 nACo 108.37
Worst 7.5 3.5 150 Uncoat 421.67 Worst 9 2.5 150 TiSiN 226.18
High Speed Best 125 3.5 90 Uncoat 103.71 High Speed Best 125 3.5 90 Uncoat 72.06
Worst 100 2.5 150 TiAIN 251.23 Worst 50 2.5 150 TiSiN 207.96
Laser-High Best 125 3.5 90 TiAIN 85.87 Laser-High Best 50 3.5 90 TiAIN 40.61
Speed Worst 100 0.5 150 TiSiN 188.17 Speed Worst 100 0.5 60 TiSiN 154.83
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