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A B S T R A C T

Miniaturization is reshaping the landscape of advanced manufacturing to fulfil the demands of micro compo
nents with exceptional precision and functionality in sectors such as aerospace, biomedical and microelectronics. 
Hybrid techniques syndicate distinct machining processes to leverage their unique benefits while minimizing 
inherent limitations. This experimental study proposes a novel laser hybrid micro milling technique intended to 
synergize laser assistance with mechanical micro milling. To explore the machinability of Inconel 718, experi
ments were designed at feed rates below, at and above the cutting-edge radius with uncoated and three different 
coated tools using Taguchi L-16 orthogonal array. Cutting speed, feed rate, depth of cut and tool type, each 
evaluated across four discrete levels to analyze their impact on critical responses: surface roughness, tool wear 
and burr formation. Analysis of Variance (ANOVA) and Grey Relational Analysis (GRA) were employed to 
evaluate the significance of each parameter and to determine the optimal combination of variables. Uncoated 
tools yielded the lowest roughness and tool wear, TiAlN coatings minimized burrs. ANOVA of the regression 
model revealed the tool type as the most influencing factor with 73.68 % contribution. GRA identified 9 m/min 
speed, 2.5 µm/tooth feed and 60 µm cutting depth with TiAlN coated tool as optimal run. Optimization using 
Response Surface Methodology (RSM) led to 23.08 %, 24.04 % and 23.64 % average reduction in roughness, tool 
wear and burr formation, respectively, demonstrating the efficacy of the optimized process settings. The 
investigation significantly contributes by revealing parameter interactions and their impacts on burr mitigation, 
tool longevity, and surface quality.

1. Introduction

Miniaturization is the backbone of cutting-edge technological ad
vancements, driven by the demand for small-scale, efficient and cost- 
effective solutions. It enhances device functionality in sectors like 
aerospace, automotive, biomedical and electronics by reducing size and 
creating space for additional features [1]. This trend fosters 

technological innovation, pushing the development of high-precision 
micro-components, typically made from hard-to-machine materials [2, 
3]. Macro-machining has extensively been studied for decades but 
transitioning to the micro domain is more complex than merely scaling 
down macro features. Understanding the technical intricacies of 
micro-machining requires in-depth research [4]. High-stress, high-
temperature and corrosive environments vigorously demand robust 
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superalloys [5]. Nickel-based alloys are essential for components in 
aircraft, rockets and submarine engines operating at 450–700◦C [6]. 
Inconel 718 stands out for its exceptional strength at high-temperature, 
resistance to corrosion and oxidation ensuring structural integrity under 
extreme conditions [7–9]. Its versatility makes it indispensable in 
aerospace for turbine blades, engine casings, combustion chambers and 
in automotive exhaust systems and high-performance engine parts [10, 
11]. Due to its excellent resistance to heat and corrosion, it is preferred 
choice in sectors such as power generation, gas turbines and nuclear 
energy systems [12,13]. Inconel 718 is frequently alloyed with 
aluminum to produce lightweight and heat-resistant structural compo
nents [14,15]. The exceptional properties of nickel-based superalloys 
also contribute to their poor machinability, causing poor surface quality, 
significant tool wear and burr formation which require optimized 
machining parameters [16,17]. Key parameters like cutting speed, feed 
rate, tool diameter and tool coatings significantly influence the response 
variables. Tool wear is largely caused by cutting speeds at all levels [18]. 
Burr formation remains a critical issue, particularly in micro-machining, 
where small burrs complicate deburring processes and risk damaging 
delicate micro-features. While low-temperature pre-cooling suppresses 
burrs, it increases tool wear [19].

Among the various strategies, tool coatings have proven to be a 
highly effective method for overcoming machining difficulties. Irfan 
et al. [20,21] examined in their study how different coatings affected 
tool wear and roughness of Inconel 718 in high speed micromachining. 
He found that TiAlN+WC and Diamond Like Coatings function excep
tionally well followed by AlTiN coated tools. Diamond tools with their 
exceptional hardness and wear resistance, are ideal for machining hard 
materials like Inconel 718 but are costly [22]. Alternatives include Si₃N₄ 
ceramic tools which leverage temperature-softening effects for effi
ciency, tungsten carbide tools with advanced coatings for versatility and 
Cubic Boron Nitrides (CBNs) though these catastrophically fail beyond 
certain cutting speed in machining of Inconel 718 [23]. Composite tools 
integrate different materials like diamond for its cutting power and 
carbide for toughness, offer a balanced approach [22,24–26]. This study 
compared the performance of uncoated tools with three coated variants: 
Titanium Aluminum Nitride (TiAlN), Titanium Silicon Nitride (TiSiN) 
and an AlTiSi-based nanocomposite (nACo). TiAlN, TiSiN and nACo 
coated tools were selected due to their established use in recent micro
milling studies and their distinct mechanical/thermal advantages 
[27–29]. TiAlN provides high hardness and oxidation resistance, TiSiN 
offers further improved hardness and thermal stability due to its 
Si-based nanocomposite structure, while nACo shows the highest hard
ness and oxidation resistance among all three. These pronounced 
property differences make this coating set directly suitable for assessing 
coating-dependent performance in the present hybrid micromilling 
work.

Micromachining techniques face limitations despite extensive 
research, prompting the adoption of hybrid machining methods [30]. 
These methods combine two or more conventional or non-conventional 
processes, either in an assisted or sequential manner, leveraging multi
ple energy sources to enhance machining performance [31]. By 
combining different machining principles, hybrid processes amplify 
advantages and mitigate limitations, offering superior performance 
compared to individual techniques [32]. Hybrid micromachining, 
combining multiple techniques, achieves high precision and accuracy 
for micro-scale components. Techniques such as laser-assisted, vibra
tion-assisted and machining with hybrid cooling or cryogenic environ
ments have been developed to address machining challenges of nickel 
and titanium-based superalloys [33,34]. Hybrid techniques are novel 
and primarily used for fabricating micro-sized components in chal
lenging materials. Non-traditional energy-assisted mechanical 
machining which integrates energies like vibration, laser and electricity 
while taking into account the structural and processing properties of 
components to enhance material machinability while reducing the me
chanical burden [35]. Research by B. Lauwers et al. [36] reflects the 

advantage of combining conventional machining with laser processes. 
Softening of material through thermal energy of the laser substantially 
reduces cutting forces and torque.

Laser Beam Machining (LBM) is a versatile energy field machining 
technique that employs high-power laser pulses for material ablation 
and microfabrication. It is widely used for machining alloys, metals and 
ceramics. LBM achieves material ablation through focused beam energy, 
which transforms the substrate into molten, vaporized or chemically 
degraded states when the laser fluence exceeds the material’s threshold, 
achieving precision at micron or sub-micron levels [37]. Innovations 
such as Laser-induced surface damage assisted machining enhance 
machinability by reducing cutting forces [38]. Investigations highlight 
that incorporating laser ablation into before micro-milling processes can 
significantly enhance performance. This approach results in a reduction 
in chip thickness through partial material removal ahead of milling 
which in turn lowers the cutting forces involved. Microhardness evalu
ations reveal that laser ablation can lead to a 30 % decrease in the ma
terial’s strength [39]. A variety of laser types including gas, fiber and 
Nd:YAG lasers are used, depending on the required wavelength and 
energy output. J. P. Davim [40] states that fiber lasers are commonly 
employed for applications like surface cleaning and low intensity ma
terial removal. The adoption of lasers in modern manufacturing has 
opened up new opportunities particularly in aerospace and nuclear. C. 
A. McNally, J. Dutta Majumdar and I. Manna [41,42] have highlighted 
several limitations in addition to burrs and spatter such as tapering and 
poor circularity despite the fact that LBM provides rapid processing 
speed, capability to produce microscopic features and suitability for 
mass production. The constraints of LBM, such as unregulated di
mensions and tapered surfaces, prevent it from producing finished 
products suitable for diverse applications [43]. Laser Assisted Machining 
(LAM) improves machinability by locally softening or altering material 
with a laser beam to create a metamorphic layer while mechanical 
machining eliminates the heat-affected zone [35]. Research of H. Zhang 
et al. [44] on laser-assisted micro-milling of Inconel 718 shows a mod
erate decrease in cutting forces.

Despite extensive research has been done to investigate the signifi
cance of machining parameters for the output responses like surface 
roughness, tool wear and burr formation during micromachining of 
superalloys but still a significant gap exists in the exploration of hybrid 
machining techniques that combine laser and mechanical micro
machining in a sequential manner. Specifically, there is insufficient 
research that investigates the synergistic effects of these hybrid pro
cesses, coupled with various tool coatings and feed rates below, at and 
above cutting-edge radius. The selected feed per tooth values were 
chosen to distinguish the three micromilling regimes: ploughing, tran
sition, and shearing. This design allows investigation of the coating and 
tool performance under both size-effect dominated and conventional 
cutting conditions, following the methodology adopted in prior micro
milling studies done by Aramcharoen and Mativenga [45], de Oliveira 
et al. [46], Anand-Krishnan & Mathew [47] and Jaffery et al. [48]. Laser 
hybrid micro-milling has emerged as a cutting-edge technique capable 
of fabricating intricate freeform surfaces. Its integration with additional 
hybrid processes holds strong potential for resolving persistent issues in 
precision manufacturing [49]. Sequential hybrid machining, where 
different processes are employed one after the other, provides distinc
tive benefits by compensating for the shortcomings of individual 
methods. This results in enhanced surface integrity, dimensional accu
racy and overall efficiency. Despite extensive research on laser-assisted 
micro-milling, the domain of sequential laser hybrid micro-milling re
mains relatively unexplored, presenting a lot of potential for techno
logical advancements.

The experimental investigation presented in this study introduces an 
innovative sequential hybrid approach that advances the micro-scale 
machinability of Inconel 718. Although extensive work exists on 
parameter optimization for conventional micromachining of superal
loys, a significant gap remains regarding hybrid strategies that combine 

A.W. Tehami et al.                                                                                                                                                                                                                             Materials Today Communications 50 (2026) 114387 

2 



laser pre-machining with subsequent mechanical micro-milling. The 
capability of Laser Beam Machining (LBM) to create complex geometries 
without direct tool interaction or associated wear is joined with ad
vantages found in mechanical machining, including high accuracy, 
operational flexibility, minimal thermal effects, lower tool consumption 
and environmentally sustainable processes. In particular, the synergistic 
effects of sequential laser–mechanical coupling together with different 
tool coatings and feed regimes below, at, and above the cutting-edge 
radius have not been comprehensively explored. Laser hybrid micro- 
milling has recently been recognized as an emerging technique with 
the potential to improve surface integrity and dimensional precision; 
however, the specific domain of sequential laser hybrid micro-milling 
remains under-reported. Therefore, this work addresses this research 
gap by implementing laser processing as a preliminary step followed by 
mechanical micromilling, and by systematically investigating the in
fluence of machining parameters (spindle speed, feed rate and depth of 
cut) on surface roughness, tool wear and burr formation. This provides 
new insight into how coating type and scale-dependent feed levels in
fluence performance in a sequential hybrid configuration. An optimal 
set of input parameters was established through multi-objective para
metric optimization while the overall performance is quantified through 
an integrated Taguchi–ANOVA–GRA–RSM framework and verified 
through confirmatory tests.

2. Materials and methods

This research involved an experimental study on a combined 
machining technique that merges two different processes. This tech
nique used a two-phase process. In the first phase, a fiber laser was used 
to create pilot slots. In the second step, the final geometry was achieved 
by mechanically micromilling these laser-generated pilot slots. Fiber 
lasers are highly versatile and cut through a variety of materials with 
precision. Mechanical machining processes handle materials that might 
be challenging for lasers alone. The laser efficiently handles the initial 
rough cutting. Mechanical machining allows for the refinement of these 
features to realize the desired surface quality and precise dimensions by 
ensuring tight tolerances and relieving thermal stresses induced by the 
laser process. The scheme of experimentation with subsequent analysis 
framework is illustrated in Fig. 1.

Speed, feed, and cutting depth are among the machining parameters 
that are systematically assessed using the Taguchi L-16 experimental 
design. Both coated (TiAlN, TiSiN, nACo) and uncoated cutting tools are 
evaluated to see how they affect response variables. A multi-objective 
optimization framework using RSM and GRA enhances the machining 
process by identifying the best parameter settings. The most favorable 
and least favorable machining parameters are determined by counting 
the influence of each individual element separately using ANOVA and 
regression modeling. Finally, validation trials authenticate the opti
mized parameters, guaranteeing the machining process’s dependability 
and repeatability for high-precision applications.

2.1. Material selection

Inconel 718, a remarkable nickel-based alloy, has emerged as a game 
changer in the realm of engineering, offering unparalleled performance 
characteristics that have led to widespread adoption in diverse sectors. 
Inconel 718 is widely favored in demanding environments where 
traditional materials like steel and aluminum are unable to endure 
extreme conditions. While conventional alloys tend to degrade in high- 
temperature or corrosive settings, Inconel 718 retains its mechanical 
strength across a wide temperature spectrum. It is highly valued for its 
superior strength, resistance to corrosion and oxidation and excellent 
fatigue life, performing reliably at temperatures between 450◦C and 
700◦C. This property makes it particularly suitable for manufacturing 

turbine blades used in high-pressure, high-temperature aero engines, 
engine casings, exhaust systems and nuclear reactors. It is preferred by 
aerospace, automotive, power generation and military industries 
[50–52].

Table 1 displays the mechanical characteristics of Inconel 718 [53]
while Table 2 outlines the compositional breakdown of the material 
[54].

2.2. Cutting tool specifications

E. O. Ezugwu et al. [55] highlighted that for effective machining of 
nickel-based alloys, cutting tools must possess high levels of wear 
resistance, hot hardness, toughness, strength and thermal chemical 
stability. When dealing with micro-milling of Inconel 718, it becomes 
essential to evaluate the tool material considering its physical proper
ties, machining environment and structural design. Due to its abrasive 
texture and capability to withstand high temperatures, Inconel 718 
tends to cause rapid deterioration of tools under extreme thermal and 
mechanical loads [12,56–59]. According to findings by M. Takács et al. 
[60], the processing of materials previously regarded as 
difficult-to-machine have become more feasible. Enhanced machin
ability is attributed to key coating characteristics such as reduced fric
tion, increased surface hardness and improved thermal resistance. These 
properties collectively contribute to extended tool life, lowered 
machining expenses and enhanced quality of the final product [26,59].

To improve chip evacuation during micro-milling, literature rec
ommends using tools with wider spacing between cutting edges [61,62]. 
In line with this, a two-flute micro-milling cutter was selected, as it 
contributes to reduced torque and power requirements during the 
machining process. Micro-milling was executed on pre-generated pilot 
slots formed by laser machining, utilizing 500 μm diameter tungsten 
carbide end mills featuring two flutes and a 30◦ helix angle.

Fig. 2 illustrates the cutting tools employed in the study, while 
detailed specifications of both tools and coatings, sourced from North 
Carbide Tools, are presented in Table 3 and Table 4, respectively. The 
cutting-edge radius was measured using DSX-1000 Olympus Digital 
Microscope. The tool was positioned vertically, and the edge was 
focused at required magnification for precise imaging as shown in Fig. 2
(e). The radius was subsequently measured using the microscope’s built- 
in measurement software. The cutting-edge radii were found to be 2.39 
μm (uncoated), 2.53 μm (TiAlN), 2.82 μm (TiSiN), and 2.91 μm (nACo). 
Each experiment employed a fresh tool to eliminate variability due to 
wear.

2.3. Workpiece preparation

An Inconel 718 specimen with dimensions of 10 × 10 × 50 mm was 
securely mounted in a vice, and its top surface was precisely flattened 
using a 12 mm carbide square end mill to establish a reference plane. 
This reference surface was then utilized for subsequent laser-based pilot 
slot fabrication. The workpiece material was procured in 
50 × 50 × 10 mm form, and machining was performed along the 
10 mm thickness face. The required specimen size was prepared using 
an EDM wire-cutting machine to ensure precise dimensions and proper 
clamping in the precision vice. The material condition received is shown 
in Fig. 3(a). Without disturbing the clamping arrangement, the work
piece was then shifted to a micro-milling center to carry out the me
chanical micromachining process. The precision vice ensured that the 
same center was maintained for both laser and conventional micro
milling operations. The laser-generated slot served as a reference feature 
for alignment of micro-tools using offset settings to ensure accurate 
centering. The experimental procedure involved machining slots with a 
length of 10 mm, maintaining a uniform spacing of 3 mm between 
adjacent slots, as depicted in Fig. 3(b).
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2.4. Laser engraving machine

In the first stage of the process, pilot slots were produced on the pre- 
processed workpiece surface using a fiber laser system (Raycus/IPG 
optional), developed by Maxphotonics as illustrated in Fig. 4. The 
operational parameters of the system including laser power, frequency 

Table 1 
Mechanical properties of Inconel 718.

Density 
(g/cm3)

Hardness 
(HB)

Tensile 
Strength 
(MPa)

Elastic 
Modulus 
(GPa)

Thermal 
Conductivity (W/ 
m.K)

8.2 390 1600 205 11.4

Table 2 
Composition of Inconel 718 alloy (wt%).

Element Ni Fe Cr Nb Mo Ti Al C S Cu

Percentage 53.12 18.6 17.7 4.79 3.07 0.86 0.60 0.04 0.03 0.02

Fig. 1. Scheme of experimentation, measurement and subsequent analysis.
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Fig. 2. Coated and uncoated Tools: (a) Uncoated; (b) TiAlN; (c) TiSiN; (d) nACo; (e) Cutting edge radius measurement.
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and scanning speed were precisely controlled through the Ezcad2 soft
ware’s Graphical User Interface (GUI) allowing for a maximum 
achievable depth of 0.5 mm.

Detailed specifications and configuration settings of the laser 
equipment are provided in Table 5. This parameter-driven control 
strategy aligns with emerging trends in precision laser micromachining 
for high-performance alloys.

The finalized set of input parameters comprising laser power, fre
quency, number of loops and scanning speed was derived from an initial 
parametric analysis designed to attain a precise pilot slot depth. The 
preliminary depth was deliberately set 10 µm shallower than that of the 
final machined slot to ensure precision and process control. The pilot 
slots along with their corresponding process parameters are presented in 
Fig. 5.

2.5. Milling machine

After generating pilot slots, work-piece was then machined shown in 
Fig. 6(a) to the final depth on YDPM Model MV-1060, 3-axis vertical 
milling center shown in Fig. 6(b). Workpiece was clamped in a 2-inches 
precision vice in the first step before laser machining to ensure align
ment when shifted to milling center and prevent vibrations during 
micromilling operation [33]. The BMD Messwell 410 V tool pre-setter 
shown in Fig. 6(c) is used to obtain precise Z axis measurements.

2.6. Design of experiments

Selecting inappropriate machining parameters can lead to premature 
tool wear and reduced tool life relative to conventional machining 
methods. To attain consistent and efficient performance, it is imperative 

to optimize key milling factors. Optimizing these parameters is funda
mental for ensuring machining stability and achieving reliable results 
[63]. Taguchi method uses orthogonal arrays to optimize factor levels, 
eliminating the need for full factorial experiments while minimizing the 
number of trials. By focusing on critical experimental runs, it enhances 
efficiency in analysis and widely applied to optimize machining, mini
mizes variations and improves process robustness against environmental 
and component fluctuations [64]. An experimental layout based on 
Taguchi L16 orthogonal array was developed, incorporating speed, feed, 
cutting depth and tool coating type as process variables. Each parameter 
was evaluated across four levels outlined in Table 6. In contrast to the 
L-16 orthogonal array which analyzes 4 input parameters at 4 levels 
each, a full factorial experiment would necessitate 256 experimental 

Table 3 
Details and specifications of cutting tool.

Specifications Details

Material Tungsten carbide
Brand name North Carbide Tools
Type Square End Carbide Mill
Overall length (mm) 50
Rockwell hardness (HRC) 60
Helix angle (◦◦) 30

Table 4 
Specifications of coatings.

Specification AlTiN TiSiN nACo

Hardness (HV) 3200 3600 4500
Thickness (microns) 2.5–3 3 3
Oxidation temp (◦◦C) 900 1000 1200
Coefficient of Friction 0.3 0.45 0.4
Color Black Golden Blue

Fig. 3. Inconel 718 (a) Received material form; (b) Prepared workpiece.

Fig. 4. Laser engraving machine.

Table 5 
Details of laser marking machine.

Details Specifications

Type TS-20F
Power 20 W
Laser Brand Maxphotonics (Raycus/IPG Optional
Marking Area 110 mm*100 mm
Marking Depth (max.) 0.5 mm
Marking Speed (max.) 7000 mm/s
Focus Spot Diameter < 0.01 mm
Output Power of Laser 10–100 % (continuously to be adjusted)
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runs. However, the fractional factorial method of Taguchi reduces this 
requirement to just 16 experiments. Confirmatory tests were performed 
to establish the validity of the attained results. The study examined the 
influence of four distinct machining variables on surface roughness, tool 
wear and burr formation. These variables included speed tested at four 

levels, feed rates configured below, and greater than cutting-edge 
radius, four variations of cutting depth and a selection of both coated 
and uncoated tools across four categories. Surface roughness, tool wear 
and burr formation were designated as critical output metrics for 
assessing machining performance. To quantify the influence of various 
machining inputs on these response variables, ANOVA was carried out, 
offering insights into the dominant factors affecting process behavior.

2.7. Measurement of responses

Laser hybrid methodology implemented as a two-stage process to 
evaluate the final machined slots for key response parameters. Post- 
processing analysis was carried out using the DSX-1000 Olympus Digi
tal Microscope integrated with software version 1.1.5 as shown in Fig. 7

Fig. 5. Laser machined pilot slots for dept: (a) 50 µm; (b) 80 µm; (c) 110 µm; (d) 140 µm with input parameters (Power, Frequency, Loop Count, Speed).

Fig. 6. Experimental setup: (a) Machining operation; (b) vertical milling center; (c) Tool pre-setter.

Table 6 
Levels of input variables for micro-milling.

Process parameters Level 1 Level 2 Level 3 Level 4

Speed (Vc, m/min) 6 7.5 9 10.5
Feed (fz, µm/tooth) 0.5 1.5 2.5 3.5
Depth of Cut (ap, µm) 60 90 120 150
Tool Coatings Uncoated TiAlN TiSiN nACo

Fig. 7. Measurement setup: (a) Digital microscope; (b) Surface roughness measurement.
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(a) and Fig. 7(b). DSX-1000 is a high-precision digital microscope 
equipped with a telecentric optical system. It features a motorized 
10X zoom ratio with automatic calibration, providing a maximum total 
magnification of up to 9637X. The working distance ranges from 
66.1 mm to 0.35 mm, enabling accurate focusing at various height 
levels. The measurement accuracy in the X–Y plane is ±3 % with a 
repeatability of 2 %. Illumination is provided by a high-lifetime LED 
light source (~60,000 h design value). This configuration ensured reli
able and repeatable surface and wear characterization in the present 
study. Critical measurements including surface roughness, tool wear and 
burr formation were precisely recorded for comprehensive evaluation. 
This approach reflects current research practices emphasizing high- 
resolution metrology in advanced micro-machining assessments. Sur
face roughness was quantified using the areal arithmetic mean height 
(Sa). Areal parameters (Sa) provide a more representative measure of 
micromilled surfaces particularly when ploughing and shearing coexist, 
because they capture height variations across the measured area rather 
than along a single profile [65].

3. Results and discussions

Each set of experimental conditions was repeated twice using a fresh 
cutting tool under consistent settings to minimize the influence of tool 
wear. The outcomes from these trials are presented in Table 7. Given the 
precision required in micromachining, even slight disturbances and 
inaccuracies can significantly influence the results. Differences between 
the repeated tests were mainly attributed to human error, tool quality 
variations and inherent machine noise. The experimental data was 
analyzed using ANOVA [64], with the “lower-the-better” criterion 
applied to determine the contribution of each factor [33] and evaluate 

the significance of each factor. Factors yielding p-values below 0.05 
were considered significant at a 95 % confidence level [66]. Confirma
tory experiments were carried out additionally to validate the ANOVA 
findings for both best and worst machining scenarios. Effective 
machining of Inconel 718 demands an in-depth knowledge of its me
chanical characteristics, careful selection of cutting tool materials and 
coatings, as well as precise control over process parameters [12,19,56, 
57].

3.1. Surface roughness analysis

One of the critical issues encountered in micro-milling is achieving 
an optimal surface finish because surface roughness directly influences 
the dimensional accuracy and durability of small-scale components 
[62]. Traditional machining techniques frequently face limitations in 
minimizing surface irregularities due to interrupted cutting force phe
nomenon which is especially prominent in the fabrication of aerospace 
parts [58]. D. Serje et al. [67] found in their research that primary 
contributors to surface roughness are tool geometry, machine accuracy, 
cooling conditions and tool wear.

Surface finish is greatly affected by critical machining parameters 
including cutting speed, feed rate and depth of cut [12,68]. ANOVA 
results on surface roughness identifies cutting depth as the most influ
ential factor, accounting for 28.64 % of the overall variability as pre
sented in Table 8. Due to conflicting results, prior research indicates that 
the effect of depth of cut on surface roughness is still uncertain and 
difficult to evaluate [69]. In this work, depth of cut has nonlinear 
behavior but as cutting depth increases, a trend toward increased 
roughness has been noted shown in Fig. 8. This is often attributed to the 
generation of excessive heat at deeper cuts which lead to thermal stress 

Table 7 
L-16 orthogonal array of input parameters with corresponding responses.

Test Input Parameters Response Parameters

Speed Vc Feed fz DoC 
ap

Tool 
Coatings

Surface 
Roughness

Tool Wear Burr Formation

Flank Face Width Height
(m/min) (µm/tooth) (µm) (t_c) (µm) (µm) (µm) (µm) (µm)

1 6 0.5 60 UCoat 0.025 14.63 19.09 201.35 194.37
2 6 1.5 90 TiAlN 0.024 56.29 66.14 75.23 90.41
3 6 2.5 120 TiSiN 0.031 27.85 48.04 231.09 266.09
4 6 3.5 150 nACo 0.038 27.1 59.07 223.18 172.17
5 7.5 0.5 90 TiSiN 0.018 30.89 48.74 228.11 271.26
6 7.5 1.5 60 nACo 0.029 42.39 44.48 257.31 314.17
7 7.5 2.5 150 UCoat 0.022 21.31 45.55 190.23 153.13
8 7.5 3.5 120 TiAlN 0.044 49.43 79.37 70.42 68.17
9 9 0.5 120 nACo 0.031 42.39 82.7 296.03 218.19
10 9 1.5 150 TiSiN 0.026 28.54 73.93 306.27 292.71
11 9 2.5 60 TiAlN 0.013 20.8 32.03 161.43 210.88
12 9 3.5 90 UCoat 0.018 44.85 31.6 158.33 99.11
13 10.5 0.5 150 TiAlN 0.026 43.17 105.14 210.62 77.23
14 10.5 1.5 120 UCoat 0.019 36.91 73.8 150.35 101.21
15 10.5 2.5 90 nACo 0.021 94.52 93.82 129.07 93.83
16 10.5 3.5 60 TiSiN 0.023 60.66 66.84 161.22 146.29
Std Dev 0.008 19.490 23.829 68.061 82.254

Table 8 
ANOVA for surface roughness.

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value

Speed (Vc) 3 0.000294 15.79 % 0.000294 0.000098 7.01 0.002
Feed (fz) 3 0.000427 22.88 % 0.000427 0.000142 10.15 0.000
DoC (ap) 3 0.000534 28.64 % 0.000534 0.000178 12.71 0.000
Coatings 3 0.000344 18.43 % 0.000344 0.000115 8.18 0.001
Error 19 0.000266 14.27 % 0.000266 0.000014
Total 31 0.001866 100.00 %
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and the formation of microcracks [70]. Zhang and Addona have also 
concluded that increased depth of cut give rise to cutting forces and 
chatter at cutting zone ultimately result in higher values of surface 
roughness [71,72].

Feed rate stands out as the second most influential parameter ac
counting for 22.88 % of the variation slightly higher than the 18.43 % 
contribution from tool coating effects. In comparison, cutting speed has 
a relatively lower impact, contributing 15.79 % to the overall vari
ability. The main effect plots reveal a nonlinear correlation between feed 
rate and surface roughness as illustrated in Fig. 8. At very low feed rate 
of 0.5 µm/tooth, the undeformed chip thickness becomes comparable to 
or smaller than the cutting-edge radius, resulting in a more ploughing- 
dominated cutting mechanism instead of full chip formation. This size 
effect minimizes height variations on the machined surface, thereby 
yielding a smoother finish compared to higher feed values. Surface 
roughness improves as the feed rate increases initially from 1.5 to 
2.5 µm/tooth. However, as the feed rate continues to rise from 2.5 to 
3.5 µm/tooth, surface roughness begins to increase again indicating a 
decline in surface quality at higher feed values. Lu et al. [73] recognized 
the cutting-edge radius as a critical parameter affecting surface rough
ness in micromachining operations. Experimental observations reveal a 
strong correlation between feed rate and the cutting-edge radius indi
cating that the best surface finish is achieved when the feed rate is set 
close to the radius of the cutting edge. This relationship is primarily 
influenced by the interaction between the undeformed chip thickness 
and the tool edge geometry. Selecting a feed rate significantly below the 
cutting-edge radius does not yield substantial improvements in surface 
quality whereas feed rates approximating or slightly exceeding the edge 
radius result in more effective material removal and smoother surfaces. 
These findings are consistent with recent research trends emphasizing 
the influence of tool geometry on micromachining performance. How
ever, employing a lower feed rate in conjunction with a reduced 
cutting-edge radius leads to a lower residual surface height [67]. U. 
Maheshwera et al. [74] pointed out that when working with tough 
materials such as Inconel 718, an increase in feed rate and depth of cut 
leads to higher surface roughness while elevated cutting speeds tend to 
produce smoother surfaces [75]. Surface roughness tended to decrease 
with increasing cutting-speed. A minor increase was observed as the 
speed rose from 9 to 10.5 m/min. This subtle increase is primarily 
attributed to thermal dynamics within the cutting zone, as reported by 
Platt et al. [76].

Analysis of main effect trends for the micromachining process in
dicates that lowest surface roughness was achieved using uncoated 
tools. In contrast, tools coated with nACo demonstrated the highest 
surface roughness while TiSiN coated tools delivered comparatively 
better results ranking second in performance followed by TiAlN coated 
tools showing the second highest roughness values. This trend is 
attributed to the elevated hardness of nACo coated tools which could 
influence chip formation dynamics [28]. Regardless of the applied 
machining parameters, numerous studies underscore the critical role of 
tool wear influencing surface finish during micro-milling. Minimizing 
tool degradation has been identified as a key strategy for enhancing 
surface integrity in precision machining applications [77,78].

3.2. Tool wear analysis

Tool wear, defined as the loss of tool material due to interactions 
with the workpiece and chips. It alters cutting forces and is more pro
nounced in difficult-to-machine materials [79]. Tool wear significantly 
influences the final quality of micro-machined components due to its 
direct engagement with the workpiece surface, affecting both dimen
sional accuracy and surface finish which are key aspects in micro
machining. Notably, tool wear is irreversible and negatively impacts 
these attributes [80]. Khan et al. [81] emphasized that materials with 
higher temperature strength tend to accelerate tool wear during 
machining [82].

Gaining insights into the mechanisms of tool wear is essential for 
enhancing machining efficiency, extending tool life, improving 
component quality and reducing operational costs [83]. Among the 
different types of wear, flank wear is considered the most critical due to 
its direct impact on the stability of the cutting edge and the precision of 
the machined part. This wear typically develops due to a combination of 
mechanical pressure, elevated temperatures and chemical reactions 
during cutting operations. In micro-milling of Inconel 718, the chip–tool 
contact on the rake face is limited due to the size effect, making crater 
wear insignificant and flank wear dominant mode of tool degradation 
[84,85]. While optimizing cutting parameters extend tool life, conven
tional machining has limitations in minimizing wear [86]. Fig. 9 illus
trates the effects of input parameters on tools.

The outcomes of the ANOVA are summarized in Table 9 and Table 10
while Fig. 10 visualizes the main effect plots highlighting the variations 
in tool flank and face wear with respect to different machining 

Fig. 8. Surface roughness against machining parameters and tool coatings.
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parameters. Cutting speed emerges as the most significant contributor to 
flank wear, accounting for 33.36 % of the variation. This is followed by 
cutting depth to 28.38 % and tool coating at 18.27 % whereas feed rate 
shows the least effect with a contribution of just 5.94 %.

In case of face wear, cutting speed and depth of cut again dominate 
contributing 38.20 % and 28.80 %, respectively, with tool coatings 
influencing 24.33 % of the variation. These insights reflect the sub
stantial role of cutting dynamics and coating materials in governing tool 

Fig. 9. Tool wear: (a) Uncoated; (b) TiAlN; (c) TiSiN; (d) nACo.

Table 9 
ANOVA for tool flank wear.

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value

Speed (Vc) 3 3816.0 33.36 % 3816.02 1272.01 15.03 0.000
Feed (fz) 3 679.3 5.94 % 679.25 226.42 2.68 0.076
DoC (ap) 3 3246.7 28.38 % 3246.69 1082.23 12.79 0.000
Coatings 3 2090.4 18.27 % 2090.42 696.81 8.23 0.001
Error 19 1608.0 14.06 % 1608.02 84.63
Total 31 11440.4 100.00 %
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wear behavior during precision micromachining.
Fig. 11 illustrates the response behavior corresponding to each in

dividual input parameter. An increase in cutting speed leads to a 
noticeable rise in both flank and face wear. This is primarily attributed 
to elevated thermal loads in the cutting zone which led to the softening 
of the tool material and intensifying chemical interactions with the 
workpiece. These conditions promote wear mechanisms such as adhe
sion and diffusion, accelerating tool degradation [87,88]. M. Abdul Hadi 

et al. [89] also highlighted that poor thermal conductivity of Inconel 718 
traps heat at the tool–chip interface, promoting notch wear on the flank 
due to dominant adhesion and abrasion mechanisms. An increase in feed 
rate leads to greater tool wear primarily due to the increase in shear 
plane area and undeformed chip thickness. These changes result in 
higher material removal rates and elevated normal forces acting on the 
tool. This relationship has been widely recognized in several in
vestigations including the findings of Cui et al. [90]. Fig. 11 illustrates 

Table 10 
ANOVA for tool face wear.

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value

Speed (Vc) 3 6516.2 38.20 % 6516.22 2172.07 41.96 0.000
Feed (fz) 3 494.0 2.90 % 494.00 164.67 3.18 0.048
DoC (ap) 3 4912.9 28.80 % 4912.91 1637.64 31.63 0.000
Coatings 3 4150.4 24.33 % 4150.43 1383.48 26.72 0.000
Error 19 983.6 5.77 % 983.62 51.77
Total 31 17057.2 100.00 %

Fig. 10. Main effect plot of tool wear: (a) Flank wear; (b) Face wear.
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the nonlinear trend of face wear as feed rate changes from 0.5 to 
3.5 µm/tooth with a noticeable effect at 2.5 µm/tooth, approximately 
equal to the cutting-edge radius of tool. Higher feed rates reduce 
tool-workpiece engagement leading to lower both thermal and me
chanical stresses thereby minimizing tool wear. N. Anand Krishnan and 
J. Mathew demonstrated that when the feed rate is below the 
cutting-edge radius, plowing dominates the material removal whereas 
feed rates above the radius shift the mechanism to shearing [85].

The depth of cut significantly influences the machining dynamics of 
Inconel 718, affecting cutting force intensity, heat generation, tool wear 
progression and material removal rate. Increasing the depth of cutting 
elevates the mechanical load and accelerates tool wear but also en
hances productivity through higher material removal. Conversely, 
reducing the depth compromises machining efficiency [91,92]. Opti
mization of cutting depth is vital to maintain a balance between the 
alloy’s mechanical properties, cutting tool limitations and desired pro
cess outcomes [12,91–93]. Additionally, refined depth of cut selection 
contributes to better chip segmentation, reduced cutting resistance and 
more efficient material removal when machining high-strength Inconel 
718 [57,94].

Fig. 11 indicates that a higher depth of cut reduces flank wear but 
increases face wear, due to varying mechanical and thermal effects on 
different tool regions. This contrast arises from the different mechanical 

and thermal stresses acting on specific tool areas, which are particularly 
impactful at the micro-scale. At lower depths, material removal is pri
marily driven by ploughing and surface rubbing instead of shearing. 
Aramcharoen and Mativenga [45] found that increasing the depth of cut 
in micro-milling lowers specific cutting forces, reducing overall wear 
due to limited tool–material interaction which minimizes abrasive and 
adhesive wear [45]. Jin et al. [95] highlighted that greater depths of cut, 
associated with higher material removal rates help dissipate heat more 
effectively, thereby lessening thermally induced tool wear. However, 
deeper cuts also increase tool–chip contact, raising friction and leading 
to higher face wear, primarily from adhesive mechanisms as chips slide 
across the tool surface.

Fig. 11(d) shows that uncoated tools experience the least face and 
flank wear compared to coated ones. Among coated variants, TiSiN 
provided better wear resistance, while TiAlN and nACo coatings 
exhibited higher and nearly similar wear rates. The superior perfor
mance of uncoated carbide tools is attributed to their sharp edges and 
smoother surfaces, as coatings often introduce surface flaws that 
degrade performance. Failures such as chipping, cracking, and delami
nation indicate poor coating adhesion, underlining the importance of 
optimizing interlayer bonding [96–99]. Moreover, high temperatures 
during machining can lead to thermal softening and coating separation 
due to excessive heat and material buildup on coated tools [100,101].

Fig. 11. Main effect plots for responses against: (a) Cutting speed; (b) Feed; (c) Depth of cut; (d) Tool coatings.
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3.3. Burr formation analysis

In micro-milling operations, Inconel 718 exhibits a strong tendency 
to generate substantial burrs, primarily due to its inherent plastic 
deformation behavior, high adhesion to cutting tools and poor chip 
breakability. The extent and nature of burr generation are strongly 
influenced by a combination of machining parameters, tool geometry 
and the intrinsic mechanical and thermal properties of the material 
[102,103]. In up milling, when cutting thickness is below the minimum, 
only elastic deformation occurs without chip formation. As thickness 
increases beyond this threshold, chips form and plastic shear deforma
tion dominates. In down milling, when reduced below a certain value, 
chips either break or remain in the groove, forming burrs through 
extrusion (up milling) or incomplete fracture (down milling) [102]. Burr 
formation adversely impacts product dimensional accuracy and often 
demands additional deburring processes, which can be both costly and 
technically intricate. This challenge is particularly critical in the context 
of micro-scale components, where small geometry increases vulnera
bility to mechanical damage during post-processing. Improper debur
ring techniques can introduce residual stresses, potentially 
compromising structural integrity and functional performance [77].

Burrs are observed to form more extensively on the down-milling 
side than on the up-milling side, exhibiting greater burr width and 
height. This phenomenon is attributed to the relatively lower cutting- 
edge velocity encountered during down milling, whereas the up- 
milling side experiences higher edge speeds which contributes to 
reduced burr development. Previous investigations on micro-milling 
have consistently reported this directional dependency in burr 
behavior [48]. To accurately assess the most critical case, evaluation 
focused exclusively on burrs formed during down milling by quantifying 
the maximum burr width and height recorded in each experimental trial.

Table 11 and Table 12 present the ANOVA outcomes while Fig. 11
illustrates the response trends relative to each individual machining 
parameter. Fig. 12 illustrates the main effect plots across all considered 
variables. Among the influencing factors, tool coatings emerged as the 
most dominant, accounting for 40 % and 42.63 % of the variance in burr 
width and burr height, respectively. TiAlN-coated and uncoated tools 
yielded the most favorable results in terms of reduced burr formation. 
TiAlN-coated tools exhibited reduced burr width and height, which can 
be attributed to the coating’s high thermal stability and its ability to 
form protective Al₂O₃ films during cutting. These oxide layers improve 
chip flow, stabilize the chip–tool contact, and minimize adhesive in
teractions with Inconel 718. Consequently, wear progression is reduced, 

and the cutting edge geometry is better preserved, promoting cleaner 
shearing and smaller burr formation [98]. In contrast, TiSiN and 
nACo-coated tools were associated with significantly higher burr di
mensions. The TiSiN-coated tool had higher coefficient of friction, which 
elevated cutting temperatures and intensified material deformation, 
ultimately leading to increased burr formation [28,104,105].

Feed contributes 20.04 % and 14.69 % against burr width and 
height, respectively. The value of burrs was higher at first, then dropped 
and produced lower values at higher feed levels. Burr width decreases as 
feed per tooth increases, reaching its lowest value at 3.5 µm/tooth due to 
a shift in the dominant material removal mechanism. At higher feed 
rates, cutting transitions from ploughing to shearing, allowing the tool 
edges to engage more effectively and remove material cleanly with 
minimal plastic deformation reducing burr size. Lower feed rates, on the 
other hand promote ploughing in which material is displaced instead of 
being sheared, causing to undergo plastic deformation and generate 
larger burrs due to inefficient cutting action [104,106,107].

Contribution of cutting speed was noted 14.06 % and 25.98 % for 
burr width and height, respectively. An increase in cutting speed 
generally leads to a reduction in burr width and height, as indicated by 
the downward trend in the main effect plots. This trend is associated 
with a decrease in cutting forces and reduced tool-chip contact time, 
which lowers heat transfer to the chip and increases heat transfer to the 
tool tip. Although higher speeds elevate shear zone temperatures, the 
friction at the tool-chip interface reduces, diminishing chip adhesion 
and heat buildup, thereby limiting burr formation [108–111]. Addi
tionally, the uncut chip thickness declines with increased speed, 
contributing further to reduced burr size especially in hard-to-machine 
alloys [87,104]. Least contribution of 12.44 % was observed in burr 
height for depth of cut and it was 20.94 % for burr width. As the depth of 
cut increases, the uncut chip thickness also grows, which leads to a 
corresponding increase in both burr width and burr length [104].

3.4. Optimization of individual process responses

Single-objective optimization focuses on optimizing a specific 
response by adopting the smaller is better approach without considering 
conflicting trade-offs with other responses. Main effect plots revealed 
that the optimal response varies across different input parameter set
tings. To validate the statistical reliability and authenticity of the 
experimental design, separate confirmatory experiments were repeated 
three times using the most and least effective sets of identified param
eters. The outcomes of these tests, along with the corresponding input 

Table 11 
ANOVA for Burr Width.

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value

Speed (Vc) 3 19553 14.06 % 19552.7 6517.6 17.96 0.000
Feed (fz) 3 27863 20.04 % 27862.5 9287.5 25.59 0.000
DoC (ap) 3 29113 20.94 % 29112.8 9704.3 26.74 0.000
Coatings 3 55617 40.00 % 55617.0 18539.0 51.09 0.000
Error 19 6895 4.96 % 6894.7 362.9
Total 31 139040 100.00 %

Table 12 
ANOVA for Burr Height.

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value

Speed (Vc) 3 52754 25.98 % 52754.1 17584.7 38.70 0.000
Feed (fz) 3 29836 14.69 % 29836.2 9945.4 21.89 0.000
DoC (ap) 3 25266 12.44 % 25265.6 8421.9 18.53 0.000
Coatings 3 86566 42.63 % 86565.9 28855.3 63.50 0.000
Error 19 8634 4.25 % 8633.8 454.4
Total 31 203056 100.00 %
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parameters, are presented in Table 13. The analysis reveals that each 
output response requires a distinct set of optimal input conditions. 
Enhancing one performance metric may adversely affect others, 
emphasizing the importance of reaching a trade-off that meets all per
formance requirements. This trade-off underscores the need for multi- 

objective optimization, which balances conflicting objectives to pro
vide a more comprehensive and effective solution for complex 
machining problems [112–116].

Fig. 12. Main effect plots of (a) Burr Width; (b) Burr Height.

Table 13 
Optimal combination of input parameters for individual response.

Response Parameters

Best Worst

Surface 
Roughness

Tool Wear Burr Formation Surface 
Roughness 
Ra (µm)

Tool Wear Burr Formation

Flank Face Width Height Flank Face Width Height
Ra (µm) (µm) (µm) (µm) (µm) (µm) (µm) (µm) (µm)

Output Result 0.012 14.06 17.98 68.92 64.83 0.047 98.21 111.22 309.61 297.21
Speed (Vc, m/min) 9 6 6 10.5 10.5 6 10.5 10.5 9 9
Feed (fz, µm/tooth) 2.5 0.5 2.5 3.5 3.5 3.5 3.5 1.5 0.5 1.5
Depth of Cut (µm) 90 150 60 90 90 120 90 120 150 60
Tool Coatings Uncoat Uncoat Uncoat TiAlN TiAlN nACo nACo TiAlN TiSiN TiSiN
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4. Multi-objective optimization

Multi-Objective Optimization (MOO) is a crucial decision-making 
technique used when multiple conflicting objectives must be opti
mized simultaneously and to identify the best alternative among mul
tiple competing options where traditional single-objective optimization 
methods fail to provide satisfactory solutions. ANOVA based optimiza
tion of individual output responses under various input parametric 
conditions is revealed by Table 13 analysis, based on main effect plots 
displayed in Fig. 10 and Fig. 12.

GRA derived from Grey System Theory, is a powerful technique, 
offers an effective solution strategy to solve such complex problems. 
GRA is particularly useful when dealing with limited data, incomplete 
information or uncertain environments, making it suitable for engi
neering, manufacturing and industrial applications where trade-offs 
must be made between different criteria. The scheme for multi- 
objective optimization is elaborated in Fig. 13. A multi-response prob
lem is reduced to a single distinctive function using GRA, based on the 
Taguchi approach. The formulation of Grey Relational Analysis (GRA) 
follows the standard definitions of Grey System Theory and has been 
widely implemented in several Taguchi–GRA-based studies on 
machining and multi-response optimization [81,117–121].

4.1. Pre-processing of data

Data preprocessing is a crucial step in maintaining uniformity and 
facilitating meaningful comparisons, particularly in decision matrices 
which involve numerous alternatives assessed against multiple criteria. 
Each alternative is assessed across several parameters with varying units 
and scales leading to skewed outcomes. To mitigate this, normalization 
is carried out using Eq. (1) for surface roughness, tool wear, and burr 
formation on a comparable scale between 0 and 1, with the idea that 
lower values indicate better performance. 

X∗
ij =

max
(
Xij

)
− Xij

max
(
Xij

)
− min

(
Xij

) (1) 

The variables Xij and X∗
ij refer to the actual and normalized values, 

respectively while max
(
Xij

)
and min

(
Xij

)
indicate the highest and 

lowest measurements for each response.

4.2. Grey relational coefficient (GRC)

After normalizing data, the Grey Relational Coefficient (GRC) is 
computed for each alternative to evaluate its proximity to the ideal so
lution. The reference sequence X∗

0 is derived by selecting the best 
normalized value for every criterion. Eq. (2) is then used to calculate the 
deviation sequence Δij, representing the gap between the normalized 
values and the reference sequence. 

Δij =

⃒
⃒
⃒X∗

0 − X∗
ij

⃒
⃒
⃒ (2) 

X∗
0 represent the reference value (ideal solution, usually the best 

value for each criterion) while X∗
ij indicate the normalized value of the 

alternative i for criterion j. The GRC for each alternative i with respect to 
each criterion j is determined in accordance with Eq. (3). 

GRCij =
Δmin + ξΔmax

Δij + ξΔmax
(3) 

Δmin and Δmax represent the smallest and largest deviation values 
observed among all criteria and alternatives. The distinguishing coeffi
cient, denoted as ξ, is generally assigned a value of 0.5 when equal 
importance is assumed for all parameters to regulate the sensitivity of 
the evaluation. GRC values lie within the range of 0–1, where values 
approaching 1 signify a stronger link with the reference sequence.

4.3. Grey Relational Grade (GRG)

The Grey Relational Grade (GRG) serves as a measure of the overall 
effectiveness or ranking of each alternative. This is achieved by 
combining the GRCs through a weighted approach. When all criteria are 
considered equally important, a simple mean is applied. The GRG cor
responding to each alternative i is computed as shown in Eq. (4). 

GRGi =
∑m

j=1
ωj .GRCij (4) 

ωj is the weight assigned to criterion j (sum of all weights equals 1) 
while m is the total number of criteria.

4.4. GRG rank

The alternatives were ordered according to their GRG scores. A 
higher GRG value reflects a stronger alignment with the ideal outcome 
whereas a lower value signifies a weaker association. In the decision- 
making process, the option with the highest ranking is regarded as the 
best option. Table 14 shows the experimental runs and associated GRG 
values. Among all trials, the highest GRG was observed in Test No. 11, 
which involved a TiAlN-coated tool operating at a cutting speed of 9 m/ 
min, a feed rate of 2.5 µm/tooth and a depth of cut of 60 µm.

Fig. 13. Scheme for multi objective optimization.
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5. Response surface methodology (RSM)

RSM is an advanced statistical tool used to optimize processes that 
are affected by several interacting variables. It supports the systematic 
improvement of experimental outcomes through mathematical 
modeling and statistical techniques. RSM combines data-fitting tech
niques, statistical analysis and experimental design to optimize pro
cesses more precisely and efficiently than the Taguchi Method.

5.1. Regression analysis

Regression analysis is a statistical approach used to identify the 
relationship between several input factors and their corresponding 
response variables. This technique is valuable in multi-objective opti
mization, where trade-offs between conflicting goals must be effectively 
managed to attain the optimal result. The optimization process 
encompassed the development of a regression model for the multi- 
objective function, verification of the model through ANOVA and 
refinement of results using RSM.

5.2. Regression modeling of multi-objective function

A predictive mathematical model was formulated using experi
mental data through Minitab software to express the GRG as a function 
of key input variables like cutting speed, feed rate, depth of cut, and tool 
coating type. In this study, machining parameters such as cutting speed, 
feed, and depth of cut were treated as continuous variables while tool 
coatings were handled as categorical variables. The regression equations 
derived through RSM are provided from Eq. (5) to Eq. (8). These models 
were subsequently optimized using RSM techniques to identify the 
optimal settings for enhanced GRG performance. 

GRG
(
Vc, fz,ap,Uncoat

)
=0.570+0.0272Vc − 0.141fz+0.00205ap
+0.00106V∗

cVc − 0.0013f∗z fz − 0.000006ap∗ap
+0.0050V∗

c fz − 0.000403V∗
cap+0.000983f ∗zap

(5) 

GRG
(
Vc, fz, ap,TiAlN

)
=0.595+0.0272Vc − 0.141fz +0.00205ap
+ 0.00106V∗

cVc − 0.0013f ∗z fz − 0.000006ap∗ap
+ 0.0050V∗

c fz − 0.000403V∗
cap+0.000983f ∗zap

(6) 

GRG
(
Vc, fz,ap,Uncoat

)
=0.443+0.0272Vc − 0.141fz+0.00205ap
+0.00106V∗

cVc − 0.0013f ∗z fz − 0.000006ap∗ap
+0.0050V∗

c fz − 0.000403V∗
cap+0.000983f ∗zap

(7) 

GRG
(
Vc, fz,ap,Uncoat

)
=0.399+0.0272Vc − 0.141fz+0.00205ap
+0.00106V∗

cVc − 0.0013f ∗z fz − 0.000006ap∗ap
+0.0050V∗

c fz − 0.000403V∗
cap+0.000983f ∗zap

(8) 

Contour plots are valuable tools for examining how two input vari
ables jointly affect a response outcome. Fig. 14 illustrate the contour 
graphs for the four different cutting tools, highlighting the effect of 
varying input parameters on the GRG. These visualizations provide a 
clear depiction of how variations in input settings impact GRG perfor
mance. The results indicate that maximum GRG values are typically 
observed when both the cutting speed and feed rate are set at lower 
ranges.

5.3. Analysis of variance for model validation

ANOVA was conducted on GRG values to assess the significance of 
each parameter and evaluate the correctness of the constructed regres
sion models. The summarized findings in Table 15 reveal that among all 
factors, tool coating is the most dominant factor influencing the GRG by 
contributing 73.68 % of the total. The subsequent influential factor 
identified is depth of cut, contributing 10.80 % whereas the effects of 
cutting speed and feed were comparatively minimal.

5.4. Regression model optimization

RSM was used to optimize the regression model created in Eq. (6)
through Equation (9) after its validation to obtain the best machining 
conditions. RSM is a statistical and mathematical framework employed 
for optimizing processes influenced by several variables. The response 
surface optimizer revealed the ideal parameter settings with a 95 % 
confidence level that led to the highest GRG value, achieving minimal 
surface roughness, reduced tool wear and lower burr formation. Fig. 15
illustrates the machining parameters for the optimized results, which 
include a cutting speed of 10.5 m/min, feed rate of 2.6 µm/tooth, depth 
of cut of 60 µm and use of uncoated tool. To confirm the validity of these 
results, additional experimental runs were conducted.

Table 14 
GRCs and GRG with ranking against input machining conditions.

Test Input Parameters Grey Relational Coefficient (GRC) Grey Relational Grade 
(GRG)

Rank

Speed Vc Feed 
fz

DoC 
ap

Tool 
Coatings

Surface 
Rough-ness

Tool Wear Burr Formation

Flank Face Width Height
(m/min) (µm/tooth) (µm) (t_c) Ra (µm) (µm) (µm) (µm) (µm)

1 6 0.5 60 UCoat 0.387 0.000 0.000 0.555 0.513 0.706217 2
2 6 1.5 90 TiAlN 0.355 0.521 0.547 0.020 0.090 0.671948 4
3 6 2.5 120 TiSiN 0.581 0.165 0.336 0.681 0.805 0.523672 13
4 6 3.5 150 nACo 0.806 0.156 0.465 0.648 0.423 0.528131 12
5 7.5 0.5 90 TiSiN 0.161 0.204 0.345 0.669 0.826 0.572775 8
6 7.5 1.5 60 nACo 0.516 0.347 0.295 0.792 1.000 0.486228 14
7 7.5 2.5 150 UCoat 0.290 0.084 0.307 0.508 0.345 0.639215 6
8 7.5 3.5 120 TiAlN 1.000 0.436 0.701 0.000 0.000 0.656847 5
9 9 0.5 120 nACo 0.581 0.347 0.739 0.957 0.610 0.449987 16
10 9 1.5 150 TiSiN 0.419 0.174 0.637 1.000 0.913 0.482492 15
11 9 2.5 60 TiAlN 0.000 0.077 0.150 0.386 0.580 0.732462 1
12 9 3.5 90 UCoat 0.161 0.378 0.145 0.373 0.126 0.694412 3
13 10.5 0.5 150 TiAlN 0.419 0.357 1.000 0.594 0.037 0.569741 10
14 10.5 1.5 120 UCoat 0.194 0.279 0.636 0.339 0.134 0.637475 7
15 10.5 2.5 90 nACo 0.258 1.000 0.868 0.249 0.104 0.570705 9
16 10.5 3.5 60 TiSiN 0.323 0.576 0.555 0.385 0.318 0.544596 11
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Fig. 14. Contour plots of GRG vs machining conditions for tools: (a)uncoated; (b)TiAlN; (c)TiSiN; (d)nACo.
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5.5. Validation experiments

The performance of the optimized machining parametes was 
assessed by comparison with the outcomes of the highest-performing 
trial Test No. 11 as presented in Table 16. The optimized conditions 
yielded significant improvements across all output measures. Surface 
roughness showed the highest reduction at 23.08 %. Tool flank and face 
wear were reduced by 21.97 % and 26.1 %, while burr width and height 
reduced by 21.76 % and 25.52 %, respectively, indicating a substantial 
boost in overall machining performance.

6. Conclusions

This study executed a targeted experimental approach to fill the 
prevailing research void by evaluating an optimized matrix of 
machining parameters integrated with multiple tool coating options for 
laser hybrid micro-milling of Inconel 718. Challenges such as the high 
sensitivity of micromachining to minor disturbances, variations due to 
human error, inherent machine noise, and maintaining alignment ac
curacy during the transfer of the workpiece from the laser setup to the 
CNC milling machine were addressed through careful calibration, use of 
a precision vice, and maintenance of controlled operating conditions. 

Statistical tools including ANOVA and GRA were employed to system
atically interpret the experimental data and quantify the influence of 
each machining input variable on critical performance indicators such as 
surface roughness, tool wear and burr formation. The outcomes of this 
investigation provide significant knowledge advancement by revealing 
the complex synergistic relationships between machining parameters, 
coating characteristics and their consequential effects on surface quality, 
tool lifespan and burr mitigation. These findings highlight the vital role 
of selecting appropriate coatings and accurately adjusting process pa
rameters to achieve optimal machining performance. 

1. The desired depths of laser generated pilot slots were achieved 
through the strategic modulation of key processing parameters 
including laser power, scanning speed, loop repetition and opera
tional frequency. Elevated levels of frequency and laser power 
facilitated the stable and uniform formation of slots which signifi
cantly mitigated the formation of recast layers and minimized par
ticulate debris within the machined zones.

2. The analysis revealed that surface roughness is governed by a com
bination of machining variables, with cutting speed, feed per tooth, 
depth of cut and tool coating contributing 15.79 %, 22.88 %, 
28.64 % and 18.43 %, respectively. Uncoated tools demonstrated 

Table 15 
ANOVA for developed regression model.

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value

Model 8 0.108992 95.76 % 0.108992 0.013624 19.77 0.000
Linear 5 0.100128 87.97 % 0.102549 0.020510 29.76 0.000
Feed 1 0.003972 3.49 % 0.003972 0.003972 5.76 0.047
DoC 1 0.012292 10.80 % 0.014713 0.014713 21.35 0.002
Coatings 3 0.083864 73.68 % 0.083864 0.027955 40.56 0.000
Feed*Coatings 3 0.008864 7.79 % 0.008864 0.002955 4.29 0.052
Error 7 0.004825 4.24 % 0.004825 0.000689
Total 15 0.113817 100.00 %

Fig. 15. Response surface optimization against GRG for input conditions. * 1 = uncoated tool.

Table 16 
Comparison of responses for optimized best initial experimental run.

Test Input Parameters Response Parameters

Speed Vc Feed 
fz

DoC 
ap

Coatings Surface 
Rough-ness

Tool Wear Burr Formation

Flank Face Width Height
(m/min) (µm/tooth) (µm) (t_c) Ra (µm) (µm) (µm) (µm) (µm)

Best Run 9 2.5 60 TiAlN 0.013 20.8 32.03 161.43 210.88
Optimized Run 10.5 2.6 60 Uncoated 0.010 16.23 23.67 126.31 157.07
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superior performance by producing the lowest surface roughness 
whereas nACo coatings exhibited comparatively higher roughness 
values. A nonlinear dependency was identified between surface 
roughness and feed rate while increasing cutting speed led to 
smoother surfaces. This behavior is predominantly primarily attrib
uted to the thermal softening phenomena occurring in the machining 
zone.

3. Flank and face wear were primarily governed by variations in cutting 
speed and depth with contributions of 33.36 % and 28.38 % for flank 
wear, and 38.20 % and 28.80 % for face wear, respectively. Flank 
wear exhibited a general increase with all process variables except 
depth of cut. Face wear, conversely, demonstrated an increasing 
trend with cutting speed and depth of cut while showing a non-linear 
trend, initially decreasing and then increasing with higher feed rates. 
Uncoated tools performed comparatively better wear resistance 
while tools with nACo coating experienced the most severe wear 
degradation.

4. Tool coating emerged to be the leading feature in determining burr 
formation contributing 40 % to burr width and 42.63 % to burr 
height, respectively. Depth of cut and cutting speed comes next with 
contribution of 20.94 % for burr width and 25.98 % for burr height, 
respectively. Burr width exhibited a decreasing trend with elevated 
cutting speed and feed, while it raised with greater depth of cut. A 
comparable trend was identified for burr height, which decreased 
with increased feed and cutting speed but rose with higher cutting 
depths. Among the tool coatings assessed, TiAlN yielded the lowest 
burr width and height whereas nACo-coated tools consistently pro
duced the highest burr dimensions in both categories.

5. GRA revealed that the most favorable machining conditions were 
achieved using TiAlN-coated tools under a cutting speed of 9 m/min, 
feed per tooth of 2.5 µm and a depth of cut of 60 µm. In contrast, the 
least favorable conditions were associated with nACo-coated tools at 
feed rate of 0.5 µm per tooth, depth of cut of 120 µm and same 
cutting speed of 9 m/min. Additionally, ANOVA performed on the 
regression model derived from Grey Relational Grades identified tool 
coating type as the most dominant factor contributing 73.68 % to 
performance variation followed by cutting depth at 10.80 %.

6. Response Surface Methodology established the optimal machining 
conditions for uncoated tools with parameter values set at 10.5 m/ 
min speed, 2.6 µm/tooth feed and 60 µm depth of cut. Subsequent 
validation experiments confirmed these settings, demonstrating a 
significant improvement with surface roughness reduced by 
23.08 %, tool flank and face wear exhibited a 21.97 % and 26.1 % 
decrease, respectively, while burr width and height reduced by 
21.76 % and 25.52 %, respectively, underscoring the effectiveness of 
the optimized process configuration.

7. Future work

The present study provides a foundation for extending hybrid laser- 
assisted micromilling to a broader range of materials and operating 
conditions. Future investigations may explore the application of this 
optimized approach to other difficult-to-machine superalloys and 
miniaturized functional components where dimensional accuracy and 
surface integrity are critical. Further work could also focus on advancing 
towards high-speed micromilling regimes, assessing the thermal
–mechanical coupling and tool–workpiece interaction at elevated 
speeds. In addition, multi-process hybridization such as combining laser 
assistance with ultrasonic or vibration-assisted micromilling under both 
low- and high-speed conditions, offers significant potential to enhance 
material removal efficiency, minimize burr formation, and improve tool 
life. Moreover, a dedicated comparative investigation between con
ventional laser-assisted micromachining and the sequential laser-hybrid 
micromilling approach presented in this study is recommended, to 
quantitatively assess the relative benefits. These directions would 
contribute to the broader implementation of hybrid micromachining in 

precision manufacturing applications.
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