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ABSTRACT: Electrical discharge machining (EDM) remains indispensable for high-precision machining
of advanced and hard-to-machine materials; however, its broader industrial adoption is constrained by high
energy consumption, unstable discharge behavior, dielectric degradation, and limited integration of
sustainable and intelligent manufacturing strategies. Although existing reviews address micro-EDM and
environmentally benign EDM individually, a consolidated and critical synthesis linking discharge physics,
sustainability bottlenecks, and intelligent process control has remained limited. This review systematically
analyzes highly cited and recent studies (2020-2024) indexed in Scopus and Web of Science, focusing on
micro-EDM, green dielectric systems, hybrid-assisted EDM, and intelligent EDM technologies. The
synthesized literature identifies key bottlenecks, including deterioration of the inter-electrode environment,
inefficient debris evacuation, dielectric decomposition, and the absence of standardized sustainability
performance metrics. The analysis reveals a clear convergence toward hybrid-assisted, sustainability-driven
EDM strategies, in which coupled plasma—thermal-chemical interactions govern material removal and
surface integrity rather than purely thermal effects. Comparative findings indicate that ultrasonic assistance
1s most effective for micro-scale and brittle materials, magnetic field assistance enhances plasma stability
in conductive metallic systems, and biodegradable or water-based dielectrics significantly reduce
environmental impact while maintaining acceptable machining performance. Furthermore, intelligent EDM
approaches integrating sensor-based monitoring, Al-assisted optimization, and digital-twin frameworks
show strong potential for adaptive control, although industrial deployment remains limited by sensing
robustness and system integration challenges. Overall, this review proposes a structured roadmap for
transitioning EDM toward intelligent, energy-efficient, and sustainable industrial manufacturing.
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1. Introduction

Electrical discharge machining (EDM) has established itself as a critical non-conventional machining
process for producing complex geometries in hard-to-machine and advanced materials such as titanium
alloys, nickel-based superalloys, and biomedical alloys [1-5]. Materials commonly machined using EDM
are steel, titanium, tungsten, super alloys, composites, and ceramics [6—8]. EDM is commonly used in the
mould and die industry and in machining various parts used in the automotive, aerospace, electrical, and
other major industries [9—11]. Figure 1 present the schematic diagram of the EDM showing its parts and
accessories. In this method, a series of recurrent electrical discharges occurs between a conductive electrode
and a conductive workpiece immersed inside a dielectric fluid, and the melting and vaporization remove
the material in the form of debris [12,13]. Since the material removal depends on the intensity of the
generated spark, the effectiveness of EDM depends on the electrical conductivity of both the workpiece
and the electrode. Die sinking EDM is the most common type of EDM used in industrial application [14,15].
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Figure 1. A schematic diagram of EDM.

In Die sinking EDM, the shape of the electrode defines the shape of the cavity produced. EDM
electrodes are manufactured from solid conductive materials like brass, copper, tungsten, and also from
non-metals, mainly graphite [2,13]. Generated spark not only removes the material from the workpiece, but
also causes wear of the electrode, which also happened, and hence, electrode wear affects its shape and the
accuracy. Existing micro-EDM review studies primarily focus on discharge mechanisms, tool wear,
dimensional accuracy, and surface integrity at the micro-scale, whereas green EDM reviews predominantly
emphasize alternative dielectric fluids, emission reduction, and energy-saving strategies [16,17]. While
these contributions are valuable, the literature remains fragmented, with limited efforts to critically
synthesize process physics, sustainability bottlenecks, and emerging intelligent optimization approaches
within a unified framework. Moreover, recent hotspot research increasingly underscores the need for data-
driven control, hybrid assistance, and real-time monitoring to transition EDM toward smart, sustainable
manufacturing systems [18-20].

In the sustainable machining research, coolant distribution and thermal management play a pivotal role
in determining machining efficiency, surface integrity, and environmental impact. Advanced cooling
strategies, such as cryogenic cooling and minimum quantity lubrication (MQL), in conventional machining
demonstrated that controlled fluid delivery, enhanced heat extraction, and emission minimization can
significantly improve process sustainability [21-23]. Although EDM fundamentally differs in its material
removal mechanism, the underlying principles governing dielectric fluid distribution, debris evacuation,
heat dissipation, and emission control are conceptually analogous. Recent studies indicate that optimizing
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dielectric flow characteristics, adopting biodegradable or gaseous dielectrics, and controlling inter-
electrode flushing conditions in EDM can achieve outcomes similar to cryogenic and MQL-based
machining, thereby reinforcing the relevance of cross-process sustainability frameworks. In this context,
the present review aims to bridge these gaps by providing a critical and integrated synthesis of recent high-
impact research (2020-2023) on micro-EDM and sustainable EDM. The manuscript systematically
examines and synthesizes the evolution of processes, sustainability bottlenecks, and emerging intelligent
strategies, including hybrid-assisted machining, biodegradable dielectric systems, and data-driven
optimization techniques. Unlike existing reviews, this work emphasizes the inter-relationship between
discharge physics, environmental performance, and intelligent control, and proposes a structured roadmap
for future EDM development. To support this perspective, a milestone-based framework illustrating the
evolution of EDM from conventional machining toward green and intelligent manufacturing paradigms is
presented in Figure 2. Figure 2 shows that the evolution of EDM has progressed from conventional EDM,
characterized by high energy consumption and limited process control, to micro-EDM, enabling high-
precision machining of advanced materials. Growing environmental concerns subsequently drove the
development of green EDM, emphasizing biodegradable dielectrics, dry and near-dry machining, and
reduced emissions. More recently, hybrid-assisted EDM incorporating ultrasonic, magnetic, and vibration-
based techniques has been introduced to enhance discharge stability, debris evacuation, and machining
efficiency. The current frontier of EDM research focuses on intelligent EDM, where sensor-based
monitoring, artificial intelligence, machine learning, and digital-twin technologies enable adaptive process
control and data-driven optimization [24-26]. This evolutionary trajectory highlights EDM’s transition
toward sustainable, intelligent manufacturing paradigms.
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Figure 2. Milestone in the evolution of EDM towards sustainable and intelligent manufacturing.

The remaining of the paper is as follows. Section 2 is the state of the art, explaining important related
research. Section 3 demonstrated the important summaries of the research explained in Section 2. Section
3 is followed by Conclusions (Section 4). Section 5 states the important limitations of the research, and
finally, Section 6 depicts the future scope of the research.

2. State of the Art

Recent high-impact reviews have underscored the growing importance of sustainable and intelligent
electrical discharge machining (EDM) in advanced manufacturing; however, existing studies
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predominantly address either micro-scale EDM or green dielectric substitution in isolation. A
comprehensive synthesis that concurrently integrates the discharge physics, sustainability bottlenecks,
energy efficiency, surface integrity, and intelligent control across both micro-EDM and green EDM remains
limited. To address this gap, Section 2 presents a critical and structured review of recent advancements in
EDM, focusing on the evolution of micro-EDM (Section 2.1) and sustainability-driven EDM practices
(Section 2.2). Rather than presenting a chronological survey, the discussion is organized around key
technical challenges, including discharge stability, tool wear, debris evacuation, surface integrity, energy
consumption, and environmental impact, enabling a systematic evaluation of emerging hybrid, green, and
intelligent strategies that overcome the fundamental limitations of conventional EDM.

2.1. Micro EDM

Micro-electrical discharge machining (u-EDM) has evolved into a core micro-manufacturing
technology for producing high-aspect-ratio and high-precision micro-features in advanced and difficult-to-
machine materials such as Ti-6Al-4V, Inconel alloys, and medical-grade Nitinol, where conventional and
even other non-traditional processes fail to deliver acceptable accuracy or surface integrity [16,17,27].
Owing to the extremely small discharge gap, low discharge energy, and confined inter-electrode
environment, pi-EDM is governed by the complex plasma—thermal-hydrodynamic interactions that directly
influence machining stability, tool wear, surface integrity, and energy efficiency. Consequently, recent
research has increasingly focused on understanding and controlling these mechanisms rather than merely
demonstrating process feasibility. A bibliometric analysis of publications indexed in Scopus from 2020—
2023 (Figure 3a,b) reveals a sharp growth in u-EDM research, with dominant contributions spanning
process optimization, hybrid assistance, surface modification, and intelligent modeling. The most highly
cited studies during this period are summarized in Table 1, indicating a shift from parameter-centric
experimentation toward physics-based interpretation, sustainability, and data-driven control. The article by
Pragadish et al. in 2023 [28] was the most cited paper. Only one article receives more than 100 citations.
Four other articles received more than 50 citations. Other articles have citations near 40. The table also
showed the citation rate per year and the summary of the research carried out by the related researchers.
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Figure 3. (a) Manuscript on u-EDM published from 2020-2023; (b) Manuscript Published on u-EDM by area wise from 2020—
2023 (Source: Scopus).



Intell. Sustain. Manuf. 2026, 3(1), 10003. doi:10.70322/ism.2026.10003 Sof22

Table 1. Articles with the maximum number of citations (Source: Web of Science).

Citation per Year of

Rank Authors Title of Research Citations L
Year Publication
1 Pragadish et al. [28] Optimization of cardanol oil dielectric-activated EDM process parameters in machining of silicon steel 163 41 2023
2 Kumar et al. [29] Recent trends, opportunities and other aspects of micro-EDM for advanced manufacturing: a comprehensive review 71 14.5 2020
3 Li et al. [30] A novel micro-EDM method to improve micro-hole machining performances using ultrasonic circular vibration (UCV) electrode 57 11.4 2020
4 Quarto et al. [31] Micro-EDM optimization through particle swarm algorithm and artificial neural network 52 17.3 2022
5 Singh et al. [32] EDM of high aspect ratio micro-holes on Ti-6Al-4V alloy by synchronizing energy interactions 51 10.2 2020
6 Dilip et al. [33] Characterization and Parametric Optimization of Micro-hole Surfaces in Micro-EDM Dirilling on Inconel 718 Superalloy Using Genetic Algorithm 47 9.4 2020
7 Mwangi et al. [34] Characterization of the arcing phenomenon in micro-EDM and its effect on key mechanical properties of medical-grade Nitinol 47 9.4 2020
8 Lietal. [35] Elucidation of the mechanism of the deteriorating inter-electrode environment in micro-EDM drilling 40 10 2021
9 Zhu et al. [36] Processing characteristics of micro-EDM for surface modification of TiNi shape memory alloys using a TiC powder dielectric 40 8 2020

10 Kiran et al. [37] Surface modification through sustainable micro-EDM process using powder mixed bio-dielectrics 38 12.67 2022




Intell. Sustain. Manuf. 2026, 3(1), 10003. doi:10.70322/ism.2026.10003 60f 22

Micro-electrical discharge machining (u-EDM) emerged as a key micromanufacturing technology for
fabricating high-aspect-ratio and complex micro-features in advanced and difficult-to-machine materials
where conventional machining methods are ineffective [16,17,27]. The process operates under extremely
small discharge gaps and low discharge energies, resulting in a confined inter-electrode environment
dominated by coupled electro-thermal, plasma, and hydrodynamic phenomena. These interactions strongly
influence discharge stability, tool wear, surface integrity, dimensional accuracy, and energy consumption,
making process control significantly more challenging than in conventional EDM.

Bibliometric analysis of Scopus-indexed publications from 2020-2023 (Figure 3a,b) shows a substantial
growth in p-EDM research, with dominant contributions focused on process optimization, hybrid assistance,
surface modification, sustainability, and intelligent modelling. The most highly cited studies during this
period are summarized in Table 1, revealing a clear shift from feasibility-oriented investigations toward
mechanism-driven, stability-focused, and control-oriented research. A comprehensive consolidation of p-
EDM research up to 2019 was provided by Kumar et al. [29], who identified automation, hybridization, and
intelligent optimization as essential enablers for future progress. Building on this foundation, subsequent
studies emphasized discharge synchronization and energy regulation. Singh et al. [32] demonstrated that
coordinated control of current, pulse-on time, and pulse-off time enables stable drilling of high-aspect-ratio
micro-holes in Ti-6Al-4V, revealing zone-wise machining behavior governed by evolving discharge
dynamics. Dilip et al. [33] investigated p-EDM drilling of Inconel 718 and showed that voltage is the most
influential parameter affecting inner side-wall roughness, material removal rate (MRR), taper, and overcut.
Using response surface methodology combined with a genetic algorithm, they achieved a minimum inner
side-wall roughness of 1.36 um with experimental errors below 10%.

Discharge instability and arcing were identified as critical failure modes in p-EDM. Mwangi et al. [34]
demonstrated that arcing is the primary cause of severe thermal damage in medical-grade Nitinol, leading
to residual strain accumulation, reduced ductility, degradation of superelastic behavior, and dimensional
inaccuracies. Related investigations further confirmed that uncontrolled arcing adversely affects phase
transformation characteristics and functional performance, thereby limiting machining precision in
biomedical alloys. These findings collectively underscore the importance of maintaining a stable inter-
electrode environment for reliable u-EDM. As machining depth increases, deterioration of the inter-
electrode environment becomes a fundamental limitation in the p-EDM. Li et al. [35] systematically
elucidated that tool wear, gas bubble dynamics, and debris agglomeration jointly weaken dielectric flushing
efficiency, resulting in unstable discharges, reduced machining efficiency, and loss of hole accuracy with
increasing depth.

A study by Zhu et al. [36] revealed that TiC powder-assisted p-EDM of TiNi shape memory alloys

enhances surface integrity, with an optimal powder concentration of 5 g/ maximizing MRR while
minimizing surface roughness. The formation of metallurgically bonded TiC- and oxide-rich recast layers
significantly improved surface hardness, indicating strong potential for biomedical and functional
applications. Kiran et al. [37] performed surface modification through micro-EDM process using powder
mixed bio-dielectrics. Variation in micro-hardness and coated thickness layer was analysed.
An investigation on EDM drilling of blind holes with injection flushing and stepped electrode was also
studied [38]. It was observed that regardless of the type of electrode, the application of injection flushing
resulted in the increase in the maximum effective machining depth. Detailed analysis of bubble flushing
behavior showed that conductive debris significantly disrupts bubble motion and dielectric renewal,
whereas non-conductive debris has minimal influence, providing quantitative insight into the limitations of
deep micro-hole machining [39].

To mitigate these challenges, hybrid-assisted p-EDM techniques have gained significant attention. Li
et al. [30] introduced an ultrasonic circular vibration (UCV) electrode, which enhanced debris evacuation
and dimensional consistency by promoting periodic tool retreat and preventing debris adhesion along



Intell. Sustain. Manuf. 2026, 3(1), 10003. doi:10.70322/ism.2026.10003 7 o0f 22

micro-hole walls. Subsequent studies confirmed that ultrasonic vibration stabilizes discharge energy,
reduces temperature gradients, suppresses abnormal discharges, and improves surface roughness and
residual stress compared to conventional rotating electrodes [40,41]. Magnetic field-assisted u-EDM
further enhanced MRR and discharge stability in aluminum matrix composites by improving debris
transport and plasma channel stability [42]. From a comparative perspective, ultrasonic vibration—assisted
EDM is particularly effective for brittle and low-thermal-conductivity materials, such as ceramics and hard
alloys, where mechanical vibration assistance offers a simpler, cost-effective means to enhance flushing
efficiency and discharge renewal, but provides limited control over plasma behavior compared to ultrasonic
or magnetic approaches.

Parallel to hybrid assistance, intelligent modeling and optimization approaches have been increasingly
adopted to address the stochastic nature of p-EDM. Comparative studies showed that ANN-PSO-based
models outperform FEM simulations in predicting MRR and dimensional deviation while maintaining
reliable estimates of machining time [43]. Quarto et al. [31] further demonstrated that two-stage ANN-PSO
optimization frameworks yield robust, repeatable predictions under constrained industrial conditions.
Adaptive control strategies have also been explored in pu-EDM milling; Bellotti et al. [44] developed an
online tool-wear compensation framework that integrates discharge monitoring and displacement control,
enabling accurate machining without direct tool-wear measurement.

Sustainability-oriented p-EDM research has significantly expanded in recent years. Powder-mixed bio-
dielectrics using vegetable oils and solid lubricant additives such as MoS2, WSz, TiC, and zinc powders
have been shown to enhance surface hardness, reduce recast layer thickness, improve wettability, and
enable controlled surface modification through material transfer mechanisms [36,37,45,46]. A
comprehensive review by Prihanda et al. [47] showed that powder-mixed p-EDM significantly improves
MRR and surface quality, with powder concentration, particle size, conductivity, and morphology identified
as the most influential factors, while also highlighting challenges related to methodological consistency and
industrial scalability. Beyond surface integrity, micro-EDM has been effectively employed for functional
surface engineering; Bangash et al. [48] demonstrated that micro-EDM-generated micro-slots in Ti-6Al-
4V significantly enhance adhesive bonding strength, with joint performance strongly dependent on slot
geometry, orientation, and mechanical interlocking effects. Biodegradable dielectrics such as castor oil
demonstrated superior surface quality and competitive machining performance compared to conventional
hydrocarbon-based fluids, reinforcing the feasibility of sustainable u-EDM practices [49]. Additionally,
TiN-coated tungsten carbide and nickel-coated micro-electrodes significantly reduced tool wear and
overcut while increasing achievable machining depth, highlighting the importance of electrode surface
engineering for sustainable p-EDM [28,50].

Recent advances have strengthened the fundamental understanding and monitoring of p-EDM
processes. FEM-based multiphysics models, validated using high-speed imaging, accurately predicted
plasma channel evolution, heat flux distribution, and crater formation [51]. On-machine surface
measurement systems integrating chromatic confocal sensors with u-EDM enabled sub-micron accuracy
and reduced inspection time by 64%, supporting closed-loop manufacturing concepts [52]. Novel servo
control mechanisms based on electromagnetic levitation significantly improved gap stability, suppressed
arcing, and reduced specific energy consumption, offering low-cost and energy-efficient alternatives to
conventional pulsed power systems [53,54].

Additionally, the integration of smart, intelligent systems into EDM and micro-EDM has significantly
improved process stability, precision, and efficiency. These systems leverage real-time sensing, machine
learning, and adaptive control to dynamically regulate the inter-electrode gap, ensuring stable discharges
and consistent material removal rates. Techniques such as artificial neural networks (ANN), particle swarm
optimization (PSO), fuzzy logic, and reinforcement learning are increasingly employed to predict and
optimize key process parameters, including MRR, tool wear rate, surface roughness, and energy
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consumption. Sensor-based monitoring of current, voltage, acoustic emissions, and vibrations provides
early detection of arcing, short circuits, and bubble-induced instabilities, enhancing the reliability of micro-
EDM, especially in deep-hole or high-aspect-ratio machining. Integration with digital twin and loT-enabled
frameworks allows virtual process simulation, real-time feedback, and data-driven decision-making,
reducing trial-and-error experimentation and promoting energy-efficient operations. Collectively, these
intelligent strategies not only improve machining performance but also support sustainable practices and
hybrid-assisted approaches, enabling high-accuracy micro-feature fabrication in advanced materials such
as Ti-6Al-4V and Inconel alloys [55-62].

From an industrial implementation perspective, although intelligent EDM technologies such as sensor-
based monitoring, Al optimization, and digital twins demonstrate significant potential, their industrial-scale
deployment remains uneven. Sensor-driven adaptive control has achieved a relatively high level of
technology readiness and is increasingly embedded in advanced commercial EDM systems. In contrast, Al-
based optimization and digital twin frameworks are largely confined to laboratory- and pilot-scale
demonstrations due to challenges with sensor survivability in plasma-rich environments, data reliability,
computational demands, and compatibility with existing machine controllers. Consequently, near-term
industrial adoption is most viable in high-value manufacturing sectors—such as aerospace, biomedical, and
precision tooling—where enhanced process stability, surface integrity, and sustainability outweigh the
associated implementation costs.

Overall, contemporary u-EDM research demonstrates that process feasibility is no longer the primary
limitation. Instead, the lack of integrated strategies that simultaneously address discharge stability, energy
efficiency, surface integrity, and environmental impact remains the central challenge. Future advancements
in u-EDM are expected to rely on the convergence of hybrid assistance, real-time sensing, intelligent
modeling, and adaptive control to dynamically regulate the inter-electrode environment, thereby enabling
consistent, energy-efficient, and sustainable micro-scale machining.

2.2. Sustainable EDM

Growing environmental and regulatory concerns have driven significant research into developing
sustainable EDM processes. This subsection examines recent studies on environmentally benign dielectric
fluids, dry and near-dry EDM techniques, and energy-efficient machining strategies. The discussion
emphasizes the relationship between dielectric properties, emission characteristics, machining performance,
and occupational safety, providing a critical assessment of the trade-offs involved in adopting green EDM
technologies. Figure 4a presents the manuscripts published on sustainable EDM (citation wise) from 2020—
2023, searched using keywords “EDM” and “green or sustainable”, and Figure 4b shows the categorized
the manuscripts published by area wise publication from 2020-2023. Figure 5 depicts that India leads the
related publication list on green or sustainable EDM publication list among the top 9 contributing countries.
It is followed by China and the U.K.
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Figure 4. (a) Manuscript on Micro-EDM published from 2020-2023; (b) Manuscript Published by area wise from 2020-2023
(Source: Scopus).
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Figure 5. Green or Sustainable articles published country wise during 2020-2023 (Source: Web of Science).

Table 2 presents the ten highly cited research articles related to sustainable manufacturing. It was
observed by the paper titled “Evaluation of technical feasibility and environmental impact of Calophyllum
Inophyllum (Polanga) oil-based bio-dielectric fluid for green EDM” by Mishra and Routara [63] received
the maximum citation of 67, with the citations per year rate of 13.4. It is important to note that out of the
total articles published during 2020-2023, only 2 articles received more than 50 citations. It is also
interesting to note that the maximum related articles are published after 2021 onwards. The articles by Baroi
et al. [64] and Ishfaq et al. received the second and third highest citations.
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Table 2. Articles with the maximum number of citations (Source: Web of Science).

Rank Authors Title of Research Citations Citation per Ye?r o.f
Year Publication

| Mishra and Routara [63] E}/alll.atlon 9f the. technical feasibility and environmental impact of Calophyllum Inophyllum (Polanga) oil-based 67 13.4 2020
bio-dielectric fluid for green EDM

2 Baroi et al. [64] A review on the sustainability, health, and safety issues of electrical discharge machining 54 18 2022

3 Ishfaq et al. [65] A cqmprehenswe analysis of the effect of graphene-based dielectric for sustainable electric discharge machining 43 12 2021
of Ti-6Al-4V

4 Shastri and Mohanty [66]  Sustainable Electrical Discharge Machining of Nimonic C263 Superalloy 41 10.25 2021

5 Arif et al. [67] Green and sustainable electric discharge machining: A review 27 9 2022

6 Chakraborty et al. [68] Feasibility of Jatropha and Rice bran vegetable oils as sustainable EDM dielectrics 21 10.5 2023

7 Das et al. [69] Parametric analysis of a green electrical discharge machining process using DEMATEL and SIR methods 21 4.2 2020

8 Ming et al. [70] Green manufacturing: a comparative study of renewable dielectrics in the EDM process 20 6.67 2022

9 Ishfaq et al. [71] Sustamable EDM of Inconel 600 in Cu—mllxed blodegradabI? dielectrics: Modelling and optimizing the process 18 9 2023
by an artificial neural network for supporting net-zero from industry

10 Alrubaye and Fantoni et al. [72] Toward green electrical discharge machining (EDM): state of the art and outlook 18 9 2023
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Sustainable and green electrical discharge machining (EDM) has emerged as a critical research area
due to increasing environmental regulations, occupational safety concerns, and the need for energy-efficient
manufacturing. Conventional EDM fluids, typically hydrocarbon-based, generate toxic fumes,
carbonaceous debris, and hazardous waste, necessitating the development of alternative eco-friendly
dielectrics, optimized flushing strategies, and energy-efficient machining techniques [73-78]. This
subsection reviews recent studies on green EDM, emphasizing dielectric innovation, energy efficiency,
emission reduction, process optimization, and intelligent control strategies in different sections.

2.2.1. Bio-Based Dielectrics as Sustainable Alternatives to Conventional EDM Fluids

Early developments in sustainable EDM research were primarily directed toward replacing
conventional hydrocarbon-based dielectrics with biodegradable, renewable alternatives to reduce the
environmental burden. Vegetable and bio-derived oils were extensively evaluated as substitutes due to their
inherent biodegradability and favorable physicochemical properties. Mishra and Routara [63] demonstrated
that Polanga oil-based dielectric improved material removal rate (MRR), surface finish, hardness, and
microstructural quality while reducing aerosol emissions by 17.33% compared to conventional EDM fluids.
Similarly, Das et al. [79] reported that neem oil achieved 22% higher MRR and 17% lower surface
roughness than kerosene during EDM of Ti-6Al1-4V, confirming its suitability for sustainable machining.
Experimental studies on die-sinking EDM further validated these findings; jatropha oil-based dielectrics
exhibited superior MRR and improved surface integrity compared to kerosene, although optimal flushing
velocity was identified as critical to avoid thermal defects and unstable discharges [80]. Together, these
studies established vegetable-based dielectrics as technically viable and environmentally benign
alternatives for sustainable EDM.

2.2.2. Health, Safety, and Environmental Concerns in Conventional EDM

The broader implications of replacing hydrocarbon dielectrics were further emphasized by Baroi et al.
[64], who highlighted the occupational health and safety risks associated with toxic fumes, aerosol
emissions, and non-degradable sludge generated during EDM. These findings reinforced the industrial need
to adopt eco-friendly dielectric systems to ensure safer working environments and compliance with
increasingly stringent environmental regulations.

2.2.3. Dry, Near-Dry, and Alternative Working Media in Green EDM

Beyond liquid bio-dielectrics, sustainability-driven research progressed toward reducing or eliminating
dielectric usage altogether through alternative working media. Wu et al. [81] demonstrated that EDM
milling using deionized water and air as working fluids improved machining efficiency, reduced electrode
wear, and enhanced energy utilization during machining of 17-4 PH steel. Boopathi [82] systematically
explored dry and near-dry EDM, showing that gas and gas—mist-based systems could replace liquid
dielectrics while maintaining acceptable machining performance and significantly lowering environmental
impact. Srinivas et al. [83] further optimized near-dry EDM of duplex stainless steel (2205) under minimum
quantity lubrication (MQL) using Taguchi design, ANN, and grey relational analysis, achieving an MRR
of 6.1287 mm?*/min and an electrode wear rate of 0.0698 mm?*/min.

2.2.4. Energy Efficiency and Surface Integrity in Sustainable EDM

As dielectric strategies evolved, increasing attention was paid to the relationship between energy
consumption, surface integrity, and machining efficiency. Ming et al. [70] evaluated edible vegetable oils,
including sunflower, rapeseed, and peanut oils, and reported that rapeseed oil yielded 25-28.9% higher
MRR, along with superior surface quality due to enhanced debris evacuation. Energy-aware investigations
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by Nieslony et al. [84] established direct correlations between discharge energy input and surface
topography during EDM of hot-work die steel, emphasizing the importance of energy-efficient parameter
selection. Additional studies confirmed that renewable dielectrics such as sunflower oil, jatropha biodiesel,
rice bran biodiesel, coconut oil, and modified palm oil delivered comparable or superior MRR and surface
integrity relative to kerosene, while significantly reducing emissions and improving biodegradability
[68,85—88]. Notably, coconut oil improved MRR by 60%, reduced tool wear by 25%, and enhanced surface
roughness by 30% during EDM of Hastelloy [87].

2.2.5. Plasma—Thermochemical Mechanisms of Material Destruction in Sustainable EDM

Recent studies have advanced the theoretical understanding of EDM by explicitly linking material
destruction mechanisms to plasma chemistry and thermodynamic driving forces. A notable investigation
on WEDM of aerospace alloys X10CrNiTi18-10 stainless steel and 2024 duralumin using a brass wire
electrode in deionized water demonstrated that material erosion is governed not only by melting—
vaporization phenomena but also by plasma-induced chemical reactions within the discharge channel [89].
XPS analysis revealed the formation of complex reaction products, including Zn, CuO, ZnO, iron and
chromium oxides, alumina, and carbide phases, confirming intense plasma—electrode—dielectric-workpiece
interactions. Importantly, thermochemical parameters for Zn-(OH)2, ZnO, and NiO formation were
calculated for the first time, and Hess’s law-based analysis confirmed the energetic feasibility of Ni—Zn
interactions leading to NisZn21 intermetallic formation in erosion debris. These findings establish that
electrical erosion in WEDM is a coupled plasma—thermal-chemical process governed by
thermodynamically favorable reaction pathways rather than purely thermal mechanisms. Okunkova et al.
[90] developed a hydrocarbon-free approach for insulating Al2O3 ceramics using a water-based dielectric.
Electrical conductivity in the discharge zone is enabled by a Ni—Cr plasma-vapor-deposited coating
combined with an SnO powder-mixed medium, allowing stable plasma formation without the need for
carbon or copper-group assisting measures. Material removal is governed by a plasma-thermochemical
erosion mechanism rather than conventional melting. Optimal conditions yield a maximum MRR with a
stable inter-electrode gap. Thermochemical analysis of erosion debris confirms chemically driven
interactions among the ceramic, coating, electrode, and dielectric species, establishing a new sustainable
pathway for precision machining of aluminum-based insulating ceramics.

2.2.6. Nano-Additives, Powder-Mixed EDM, and Performance Enhancement

To further enhance machining performance within sustainable frameworks, researchers introduced
nano-additives and powder-mixed dielectrics. Ishfaq et al. [65] demonstrated that graphene nanoparticle—
enhanced MRR by 64.5% and reduced tool wear rate by approximately 1.5 times during EDM of Ti-6Al-
4V, with brass electrodes under negative polarity exhibiting optimal performance. Shastri and Mohanty [66]
reported that discharge current, electrode material, and voltage were the most significant parameters
influencing MRR and surface roughness during sustainable EDM of Nimonic C263. Ishfaq et al. [71]
further showed that nano-copper powder—assisted biodegradable dielectrics could be tailored to
simultaneously optimize MRR, surface finish, and energy consumption, with coconut oil, sunflower oil,
and olive oil excelling in different sustainability metrics.

2.2.7. Optimization and Energy-Aware Intelligent EDM Strategies

Multi-objective optimization techniques played a critical role in improving sustainability and
efficiency. Approaches based on SIR, GRA, COPRAS, ANN, ANFIS, and Taguchi methods consistently
reduced energy consumption, aerosol emissions, dielectric usage, and tool wear while maintaining
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machining performance [69,71,91-93]. These studies highlighted the importance of intelligent parameter
selection in achieving environmentally benign yet productive EDM operations.

2.2.8. Smart, Adaptive, and Industry 4.0-Enabled EDM Systems

As sustainability converged with intelligent manufacturing, research increasingly focused on smart and
adaptive EDM systems. Comprehensive reviews by Arif et al. [67], Alburaye and Fantoni [72], Das and
Barma et al. [94], Gupta et al. [95], Bhardwaj et al. [96], and Khan et al. [97] identified eco-friendly
dielectrics, biodiesel-based fluids, hybrid assistance, and intelligent control as the key technological drivers
for sustainable EDM, while highlighting scalability challenges. More recently, Xu et al. [98] developed an
ultrasonic vibration—assisted EDM system incorporating FPGA-based pulse monitoring, real-time gap
sensing, and neural-network-based adaptive control, resulting in improved discharge stability, enhanced
energy utilization, and greener machining performance, aligning EDM with Industry 4.0 principles.

2.2.9. Intelligent Approach in Sustainable EDM

Intelligent approaches in sustainable Electrical Discharge Machining (EDM) integrate advanced
modeling, data-driven optimization, and real-time monitoring to enhance process efficiency while
minimizing environmental impact. Techniques such as machine learning, evolutionary algorithms, and
digital twins enable adaptive control of EDM parameters to reduce energy consumption, tool wear, and
dielectric usage [99—102]. By coupling these intelligent systems with green EDM strategies, manufacturers
can achieve improved machining performance alongside compliance with sustainability and Industry 4.0
objectives. Vishwanath et al. [103] applied an intelligent Taguchi—fuzzy—TOPSIS system to optimize
sustainable EDM of AISI 2507 super duplex steel using Pongamia green dielectric. Key process parameters
were systematically analyzed to enhance material removal rate while minimizing electrode wear and
surface roughness [104]. The intelligent multi-response optimization efficiently identified optimal settings,
demonstrating improved machining performance with environmentally friendly dielectric and validated
surface integrity through SEM analysis. A demonstration on the use of intelligent multi-objective
optimization in sustainable wire-EDM to enhance energy efficiency and reduce environmental impact [105].
Key parameters were systematically optimized to minimize machining time, energy consumption, and CO2
emissions while maintaining surface quality and MRR. The approach enabled significant reductions in
electricity cost and carbon footprint for different plate thicknesses, illustrating how data-driven
optimization can make wire-EDM both productive and environmentally sustainable. Other studies are also
made during this duration [106—110]. Especially, machining of silicon, which is semiconductive, is
discussed [108].

Collectively, these studies showed that EDM and micro-EDM can be transformed into intelligent and
sustainable manufacturing processes without sacrificing performance. The use of biodegradable vegetable-
based dielectrics consistently reduced environmental and health impacts while maintaining or improving
material removal rate, surface integrity, and tool wear. Additional gains were achieved through nano-
additives, powder-mixed dielectrics, and dry or near-dry EDM strategies, which enhanced discharge
efficiency and reduced energy and dielectric consumption. Energy-aware optimization and intelligent
modeling enabled simultaneous control of productivity, surface quality, and sustainability, while recent
adaptive and data-driven EDM systems aligned the process with Industry 4.0, supporting greener, smarter,
and more efficient machining.

3. Discussion and Summary of Research

The literature synthesized in this review spans major EDM research regions, including Asia, Europe,
and North America, encompassing diverse experimental methodologies, material systems, and application
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priorities. Although publication density varies geographically—particularly in emerging domains such as
micro-EDM, green EDM, and hybrid-assisted EDM—the reviewed studies exhibit strong convergence in
their interpretation of discharge physics, material removal mechanisms, and sustainability-driven process
strategies. This cross-regional consistency supports the generality of the identified research trends and
mitigates the risk of region-specific bias in the conclusions drawn.

The reviewed literature indicates that recent advancements in electrical discharge machining have
evolved through the coupled development of micro-scale process control and sustainability-oriented
process modifications. Although micro-EDM and green EDM were traditionally investigated as
independent research themes, collective findings demonstrate that both domains are governed by common
discharge phenomena, including plasma channel instability, deterioration of the inter-electrode
environment, debris agglomeration, and inefficient energy dissipation [20-26,28,32,34]. Consequently,
recent developments in EDM theory increasingly rely on multiphysics plasma—thermal-chemical
interaction models, in which material thermophysical properties, temperature-dependent electrical
conductivity, dielectric decomposition, and powder-assisted plasma chemistry collectively regulate energy
transfer and material destruction within the inter-electrode gap. Rather than reiterating individual findings,
the following discussion synthesizes converging trends, explains discrepancies among reported results, and
interprets their implications for EDM process physics, sustainability, and industrial applicability.

In micro-EDM, reductions in discharge energy and the machining gap intensified plasma confinement
and debris—bubble interactions, leading to unstable discharge behavior, accelerated tool wear, and degraded
surface integrity during deep micro-hole drilling and micro-milling operations [20,24,25,35-41].
Experimental and numerical investigations confirmed that deteriorating inter-electrode environments,
weakened flushing efficiency, and non-uniform discharge distribution were dominant factors limiting
machining accuracy and achievable aspect ratios [22,25,29,36,40]. Hybrid assistance strategies, including
ultrasonic vibration, magnetic field assistance, tool oscillation, and adaptive gap control, were shown to
significantly improve debris evacuation, stabilize discharge behavior, and enhance machining consistency
[30-34,42—48]. From a comparative perspective, ultrasonic vibration—assisted EDM is particularly
effective for brittle and low-thermal-conductivity materials, such as ceramics and hard alloys, where high-
frequency tool or workpiece oscillation enhances debris evacuation and stabilizes discharge conditions;
however, its effectiveness diminishes for large-scale cavities due to limited vibration transmission.
Magnetic field—assisted EDM primarily benefits ferromagnetic and electrically conductive materials by
promoting plasma channel stabilization and controlled debris motion, although its applicability is
constrained for non-magnetic materials and requires additional electromagnetic hardware. Mechanical
vibration assistance offers a simpler, cost-effective means to improve flushing efficiency and discharge
renewal, but provides limited control over plasma behavior compared to ultrasonic or magnetic approaches.
Consequently, ultrasonic assistance is most suitable for micro-scale and precision applications, magnetic
assistance for conductive metallic systems requiring plasma stability, and mechanical vibration for low-
cost productivity improvement in conventional EDM. This comparative framework clarifies the operational
boundaries and selection criteria for hybrid-assisted EDM technologies.

Parallel challenges were reported in sustainable and green EDM, where the substitution of conventional
hydrocarbon-based dielectrics with biodegradable oils, water-based fluids, gas, or gas—mist media altered
plasma characteristics and flushing dynamics [49-58,66—74]. Studies employing bio-dielectrics such as
vegetable oils, ester-based fluids, and eco-friendly dielectrics mixed with powders demonstrated reductions
in toxic emissions, aerosol concentrations, and environmental impact while maintaining comparable or
improved material removal rates and surface quality [52-57,69—76]. However, several investigations also
reported increased sensitivity to flushing conditions, thermal defects, and recast layer variability,
particularly under high-energy or deep machining conditions, indicating that dielectric replacement alone
was insufficient to ensure stable and sustainable EDM performance [60—-63,77-81].
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Across both micro-EDM and green EDM, modeling and optimization studies revealed strong nonlinear
coupling among process parameters and performance responses. Data-driven approaches such as ANN,
ANN-PSO, ANFIS, grey relational analysis, and hybrid metaheuristic algorithms were successfully
employed to predict material removal rate, surface roughness, tool wear, dimensional accuracy, and energy
efficiency [64,75,82—88]. Physics-based FEM and plasma modeling further elucidated plasma channel
formation, heat flux distribution, and crater evolution, providing mechanistic insights into discharge—
material interactions [59,83—-86]. Despite these advances, most predictive frameworks were implemented
offline and lacked integration with real-time sensing and adaptive control, limiting their effectiveness under
dynamically evolving machining environments.

Surface integrity and energy efficiency analyses consistently established a strong correlation between
discharge energy, power consumption, and surface morphology across both domains [78,89-95]. Excessive
or unstable energy input resulted in thicker recast layers, microcracks, residual stresses, and degraded
functional performance, whereas optimized pulse control, hybrid assistance, and energy-aware strategies
improved surface quality while reducing environmental burden [72,84,93]. These findings positioned energy
efficiency as a unifying metric linking machining performance, surface integrity, and sustainability in EDM.

Overall, the comprehensive evidence indicated that future progress in EDM required the convergence
of micro-scale process understanding, sustainable dielectric systems, and intelligent control methodologies.
Rather than incremental improvements within isolated domains, the literature consistently emphasized the
need for integrated frameworks combining hybrid assistance, environmentally benign working media,
energy-efficient strategies, and data-driven adaptive control to transition EDM toward sustainable and
intelligent manufacturing systems.

4. Conclusions

This review critically examined the recent evolution of electrical discharge machining (EDM) with
particular emphasis on micro-scale machining, sustainability-driven process innovations, hybrid-assisted
strategies, and emerging intelligent manufacturing concepts. Positioned within the broader framework of
intelligent and sustainable manufacturing, the analysis confirms that although EDM remains indispensable
for machining advanced and hard-to-machine materials, its conventional implementations continue to be
constrained by high energy consumption, unstable discharge behavior, dielectric degradation,
environmental emissions, and limited adaptability to data-driven manufacturing paradigms. The reviewed
literature demonstrates that contemporary research has systematically addressed these limitations through
process miniaturization, green dielectric substitution, hybrid assistance, and intelligent optimization,
supported by a deeper theoretical understanding of discharge phenomena.

Micro-EDM studies consistently reveal that scale reduction intensifies challenges related to plasma
confinement, debris agglomeration, tool wear, and deterioration of the inter-electrode environment, which
collectively govern achievable aspect ratios, dimensional accuracy, and surface integrity. Recent advances
show that hybrid assistance techniques—including ultrasonic vibration, magnetic field application,
adaptive gap control, and controlled tool motion—significantly enhance discharge stability and debris
evacuation when applied within appropriate material and scale boundaries. Concurrently, multiphysics
modelling and simulation efforts have shifted EDM theory beyond purely thermal erosion toward coupled
plasma—thermal—chemical frameworks, enabling improved interpretation of material removal mechanisms,
recast layer formation, and erosion debris chemistry. However, their integration into real-time control
remains limited.

From a sustainability perspective, the reviewed studies confirm that hydrocarbon-based dielectrics are
a major contributor to environmental and occupational hazards, motivating extensive exploration of
biodegradable, water-based, dry, and powder-assisted green dielectric systems. While these approaches
demonstrably reduce toxic emissions and energy consumption, the literature also highlights that dielectric
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substitution alone is insufficient to ensure sustainable machining. Process stability, surface integrity, and
energy efficiency remain strongly dependent on discharge energy regulation, flushing effectiveness, and
thermochemical stability within the inter-electrode gap, underscoring the need for coordinated process and
energy control strategies.

A key outcome of this review is the identification of strong interdependencies between micro-EDM
and green EDM, both of which are governed by common discharge physics, energy transfer mechanisms,
and plasma—material-dielectric interactions. Across these domains, energy efficiency emerges as a unifying
performance metric linking material removal rate, tool wear, surface integrity, and environmental impact.
Intelligent optimization approaches—including machine learning models, hybrid metaheuristic algorithms,
and physics-informed frameworks—exhibit significant potential for managing these coupled interactions.
However, the lack of robust integration between sensing, modeling, and adaptive control remains a critical
barrier to the industrial realization of intelligent EDM.

Overall, the synthesized literature indicates that the future of EDM lies not in isolated advancements
in micro-machining, sustainability, or intelligence, but in their convergence into application-specific,
theory-informed, and energy-aware manufacturing systems. This review establishes that the integration of
hybrid assistance techniques, sustainable dielectric environments, multiphysics-based understanding, real-
time monitoring, and data-driven control strategies is essential to transforming EDM from a resource-
intensive process into a smart, sustainable, and industrially viable manufacturing technology. Future
industrial implementation will depend on scalable sensing architectures, reliable data acquisition under
plasma conditions, and seamless integration with commercial CNC-EDM platforms in alignment with
Industry 4.0 objectives.

5. Limitations

Despite providing a comprehensive synthesis of micro-EDM and sustainable EDM research, this
review was subject to certain limitations. The analysis relied primarily on published experimental and
modeling studies, which inherently reflected variations in machine configurations, electrode materials,
dielectric compositions, and performance evaluation criteria. As a result, direct quantitative comparison
across studies was constrained, particularly for energy efficiency, emission characteristics, and surface
integrity metrics, which were not standardized across the literature. Another limitation arose from the
predominantly offline nature of the modeling and optimization approaches reported in the reviewed works.
Although advanced techniques such as ANNs, hybrid metaheuristics, and FEM-based plasma modeling
have been extensively documented, their practical implementation in real-time, closed-loop EDM systems
remains limited. Consequently, the review could not fully assess the industrial scalability or real-time
adaptability of these intelligent strategies under dynamic machining conditions.

The scope of sustainable EDM research reviewed in this work focused mainly on dielectric substitution,
hybrid assistance, and energy optimization. Broader system-level sustainability aspects, such as life-cycle
assessment, economic feasibility, long-term dielectric degradation, and recyclability of by-products, were
addressed only sparsely in the available literature. This restricted a holistic evaluation of EDM
sustainability beyond process-level improvements. Finally, while this review emphasized recent and high-
impact studies, emerging developments in digital twins, in-situ sensing, and cyber—physical EDM systems
were still in early stages of research and lacked sufficient experimental validation. As a result, the
discussion of intelligent EDM frameworks was necessarily prospective, highlighting conceptual potential
rather than fully realized industrial implementations.
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6. Future Scope

Future EDM research should be structured around application-specific performance demands, material
thermophysical properties, and sustainability considerations rather than generalized process optimization.
In micro- and precision manufacturing, priority should be given to controlling confined plasma dynamics
and debris—bubble interactions, and to implementing robust, real-time, adaptive gap control through sensor
fusion. For hard-to-machine alloys, future studies should emphasize coupled plasma—thermal-chemical
modeling to predict material removal behavior, recast layer evolution, and surface integrity. In the case of
insulating and ce ramic materials, research should focus on conductive-layer approaches, powder-assisted
plasma chemistry, and thermochemical stability under non-hydrocarbon dielectric systems. Moreover,
hybrid-assisted EDM requires comparative, boundary-defined investigations to guide technology selection,
while industrial deployment of intelligent EDM depends on scalable sensing, physics-informed Al
frameworks, and seamless integration with commercial machine controllers to ensure robust and
sustainable operation.
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