SSRG International Journal of Mechanical Engineering
ISSN: 2348-8360/ https://doi.org/10.14445/23488360/1JME-V1119P102

Volume 11 Issue 9, 11-27, September 2024
© 2024 Seventh Sense Research Group®

Review Article

FDM Technology for EDM Electrode Fabrication: Progress,
Prospects, and Perspectives

N.J. Shirbhate!, S.M. Vinchurkar?, A.B. Borade®

!Department of Mechanical Engineering, G. H. Raisoni University, Amravati, Maharashtra, India.
2Department of Mechanical Engineering, G.H. Raisoni College of Engineering, Nagpur, Maharashtra, India.
3Department of Mechanical Engineering, Government Polytechnic, Gadchiroli, Maharashtra, India.

Corresponding Author : shirbhate@rediffmail.com

Received: 06 July 2024 Revised: 09 August 2024 Accepted: 08 September 2024 Published: 30 September 2024
Abstract - This comprehensive review delves into the applicability of Fused Deposition Modeling (FDM) in Electrical
Discharge Machining (EDM) electrode fabrication, scrutinizing its potential, challenges, and recent advancements. The review
elucidates the advantages of FDM, including rapid prototyping, design flexibility, and cost-effectiveness, while examining its
limitations, such as surface finish and material selection. Various metallization methods for enhancing the conductivity of
FDM-generated electrodes are explored, ranging from electroless plating to vacuum metalizing. Comparative analyses with
traditional manufacturing methods like milling, grinding, and wire EDM provide valuable insights into the efficacy of FDM.
Additionally, the review discusses real-world applications across industries, highlighting aerospace, automotive, medical, and
tooling sectors. Emerging trends, challenges, and future directions in FDM technology for EDM electrode fabrication are
thoroughly examined, emphasizing the need for ongoing research and innovation to realize the full potential of FDM in modern

manufacturing.
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1. Introduction

EDM stands as a cornerstone of modern manufacturing,
offering a unique approach to material removal through
controlled electrical discharges. This non-traditional
machining process has garnered significant attention in
various industries due to its ability to machine intricate
shapes and hardened materials with high precision and
accuracy [1, 2]. In EDM, the workpiece and electrode are
submerged in a dielectric fluid, as shown in Figure 1,
facilitating the electrical discharge and subsequent erosion of
material. Through a series of carefully controlled electrical
pulses, intense heat is generated, melting and vaporizing the
workpiece material to create the desired shape or features [3].

The significance of EDM in modern manufacturing
cannot be overstated. It finds extensive applications across
diverse sectors, including aerospace, automotive, medical,
and tooling, where conventional machining methods may
prove inadequate [4]. The ability to work with hardened
materials like tool steels, carbides, and titanium alloys,
coupled with the capability to machine complex geometries
with tight tolerances, positions EDM as a critical machining
solution [5]. Despite its advantages, EDM does present
challenges, such as relatively slow material removal rates and

0[S]S)

the necessity for skilled operators to optimize process
parameters. However, recent advancements in EDM
technology have sought to mitigate these challenges and
enhance efficiency [6].

FDM stands as a pioneering technique in the realm of
rapid prototyping, revolutionizing manufacturing processes
across diverse industries. This additive manufacturing
method, first introduced by S. Scott Crump in the late 1980s
[7], has since garnered considerable attention and witnessed
significant advancements, propelling it to the forefront of
modern manufacturing technologies. FDM operates on the
principle of layer-by-layer material deposition, wherein a
thermoplastic filament is heated to its melting point and
extruded through a nozzle onto a build platform.

This molten material is precisely deposited, layer upon
layer, to construct Three-Dimensional (3D) objects according
to Computer-Aided Design (CAD) specifications [8]. The
versatility and accessibility of FDM have contributed to its
widespread adoption in various industries, ranging from
aerospace and automotive to healthcare and consumer goods.
Its appeal lies in its ability to facilitate rapid and cost-
effective prototyping, enabling designers and engineers to
iterate designs swiftly and efficiently [9].
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Fig. 1 Schematic diagram of the EDM process

Numerous studies have explored the capabilities and
potential applications of FDM across different domains.
Research by Al-Dulimi et al. [10] demonstrated the feasibility
of using FDM for manufacturing customized medical
implants, highlighting its adaptability in producing patient-
specific solutions. Similarly, investigations by A K Adeleke
et al. [11] showcased the efficacy of FDM in fabricating
complex aerospace components, underscoring its role in
streamlining production processes and reducing lead times.

Moreover, advancements in FDM technology have led to
the development of high-performance materials and
enhanced printing techniques, further expanding its scope
and applicability. Recent studies by M. Montez et al. [12] and
A J Sheoran et al. [13] explored novel materials and
optimized printing parameters to achieve improved
mechanical properties and surface finishes, thereby
broadening the potential applications of FDM in functional
prototyping and end-use part production.

The objective of the review paper is to thoroughly
analyze and combine the current body of work on the
incorporation of FDM in EDM electrode manufacturing. It
will discuss the main obstacles, potential advantages, and
future prospects in this field.

The study aims to provide insights into material
selection, process optimization, and performance assessment
in FDM-based EDM electrode manufacture by carefully
examining research data. Moreover, its objective is to offer
pragmatic suggestions and instructions for professionals,
simplifying the use of FDM technology to improve EDM
procedures and maximize electrode efficiency. In summary,
the purpose of the review paper is to enhance the existing
knowledge on the subject and provide a beneficial reference
for researchers, engineers, and industry experts.
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2. Historical Overview of EDM Electrode

Fabrication

Traditional methods employed for EDM electrode
fabrication encompass a range of techniques, including
milling, grinding, and wire EDM. Milling, a widely used
subtractive manufacturing process, involves removing
material from a workpiece using rotary cutting tools. In EDM
electrode fabrication, milling is employed to shape and refine
electrode blanks from conductive materials such as copper or
graphite [14]. Grinding, another conventional machining
method, utilizes abrasive particles to remove material and
achieve precise dimensional accuracy and surface finish. In
the context of EDM electrodes, grinding is utilized to achieve
intricate geometries and surface finishes that are critical for
optimal EDM performance. Wire EDM, on the other hand, is
a specialized machining process that utilizes a thin wire
electrode to erode material from a workpiece precisely via
electrical discharges. While typically used for workpiece
machining in EDM, wire EDM can also be employed for
intricate shaping and profiling of electrode blanks. These
traditional methods offer versatility and precision in EDM
electrode fabrication yet may pose challenges such as longer
lead times, limited design flexibility, and higher costs
compared to emerging additive manufacturing techniques
like FDM.

2.1. Milling

The manufacturing of EDM electrodes through milling
represents a conventional yet widely employed approach in
the industry. Research by T. Altan et al. [15] demonstrated
that milling offers excellent dimensional control, allowing for
the production of electrodes with tight tolerances and intricate
geometries. According to findings from Qudeiri et al. [16],
milling allows for the use of a wide range of materials,
including copper, graphite, and various tool steels, enabling
manufacturers to select materials tailored to specific EDM
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applications. Studies by F. Klocke et al. [17] have highlighted
milling's capability to produce EDM electrodes with complex
geometries, including features such as undercuts and thin
profiles, which may be challenging to achieve with other
fabrication methods. F. Walsh et al.[18] found that milling
can be cost-effective for large-scale production runs of
standardized electrode designs, offering economies of scale
and reduced per-unit costs. Despite its precision, milling may
result in surface irregularities and roughness, as noted by N.
Tosun [19], which can negatively impact EDM performance
and surface finish on workpieces. Research by P. K. Gupta et
al. [20] indicated that milling complex electrode geometries
may require multiple setups and longer machining times,
leading to increased lead times compared to other fabrication
methods. D. Pimenov et al. [21] observed that milling tools
used for EDM electrode fabrication are subject to wear and
may require frequent replacement or reconditioning, adding
to production costs and downtime. Studies by M. Muniraje et
al. [22] have highlighted the generation of waste material
during the milling process, particularly when machining
intricate electrode shapes, leading to material wastage and
increased production costs.

In summary, while milling offers precise dimensional
control, material versatility, and suitability for complex
geometries in EDM electrode fabrication, it is also associated
with limitations such as surface finish issues, longer lead
times for complex shapes, tool wear, and the generation of
waste material [23]. By considering these relative advantages
and disadvantages, manufacturers can make informed
decisions regarding the selection of fabrication methods to
meet their specific EDM electrode production requirements.

2.2. Grinding

The manufacturing of EDM electrodes through grinding
represents a conventional method employed in various
industries. Research by M. Rahim et al. [24] demonstrated
that grinding offers a superior surface finish compared to
other conventional machining methods, resulting in smoother
electrode surfaces and improved EDM performance.
According to findings from M. Rahman et al. [25], grinding
allows for precise dimensional control, enabling the
production of electrodes with tight tolerances and accurate
geometries essential for EDM machining operations. Studies
by S. Debnath et al. [26] have highlighted grinding's
compatibility with a wide range of materials, including
copper, graphite, and various tool steels, offering flexibility
in material selection for EDM electrode fabrication. Y. Sun
et al. [27] found that grinding can achieve complex electrode
shapes and intricate features with high precision, making it
suitable for the production of customized electrodes tailored
to specific EDM applications. Despite its precision, grinding
may have lower material removal rates compared to other
machining methods, as noted by Z. Zhang et al. [28], leading
to longer machining times and increased production costs for
large-scale electrode fabrication. N. Seemuang [29] observed
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that grinding tools used for EDM electrode fabrication are
subject to wear and may require frequent replacement or
reconditioning, contributing to increased production costs
and downtime. Research by Sharma and Hiremath [30]
indicated that grinding may generate a Heat-Affected Zone
(HAZ) in the electrode material, potentially altering material
properties and affecting EDM performance in certain
applications. Studies by P J Arazola [31] et al. have
highlighted the need for complex setup and fixture
arrangements for grinding electrodes with intricate
geometries, adding to setup time and production complexity.

In summary, while grinding offers excellent surface
finish, dimensional accuracy, material compatibility, and
capability for complex geometries in EDM electrode
fabrication, it is also associated with limitations such as lower
material removal rates, tool wear, generation of heat-affected
zones, and complex setup requirements.

2.3. Wire Electrical Discharge Machining (Wire EDM)

The fabrication of EDM electrodes using Wire EDM
represents a specialized and widely utilized method in
manufacturing. Research by Johnson et al. [32] demonstrated
that Wire EDM offers exceptional precision and accuracy in
producing intricate electrode shapes and features, which is
essential for achieving precise EDM machining operations.
According to findings from M. Kiyak et al. [33], Wire EDM
can achieve fine surface finishes on electrode surfaces,
resulting in improved EDM performance and surface quality
on workpieces.

Studies by N. Tudu et al. [34] have highlighted Wire
EDM's ability to minimize material distortion and Heat-
Affected Zones (HAZ) during electrode fabrication, ensuring
dimensional stability and material integrity. J. Kapoor et al.
[35] found that Wire EDM can fabricate electrodes with
intricate geometries and features with high accuracy, making
it suitable for the production of complex and customized
electrode designs.

Despite its precision, Wire EDM may have relatively low
material removal rates compared to other machining
methods, as noted by N. Tosun et al. [36], leading to longer
machining times and increased production costs. V. D. Patel
[37] observed that Wire EDM electrodes are susceptible to
wire breakage and wear during the machining process,
necessitating frequent wire changes and maintenance, which
can impact production efficiency. Research by K. Kumar et
al. [38] indicated that Wire EDM setup and programming
could be complex and time-consuming, particularly for
electrodes with intricate geometries, adding to production
lead times and setup costs. Studies by Y. S. Liao et al. [39]
have highlighted that Wire EDM may have higher initial
equipment and operational costs compared to other electrode
fabrication methods, which can affect the overall cost-
effectiveness of the manufacturing process.



N.J. Shirbhate et al. / IIME, 11(9), 11-27, 2024

In summary, while Wire EDM offers high precision, fine
surface finish, minimal material distortion, and capability for
complex geometries in EDM electrode fabrication, it is also
associated with limitations such as limited material removal
rates, wire breakage and wear, complex setup requirements,
and higher operational costs.

Conventional methods of EDM electrode fabrication,
such as milling, grinding, and wire EDM, while widely
utilized, are not without their limitations and challenges.
Despite their precision, milling and grinding processes may
result in limited dimensional accuracy and surface finish,
particularly for complex electrode geometries. Studies by B.
Nahak and A. Gupta [40] have highlighted challenges in
achieving tight tolerances and fine surface finishes, which
can impact the quality and performance of EDM machining
operations. Conventional methods of EDM electrode
fabrication are often limited in their compatibility with
certain materials, such as exotic alloys and ceramics.

Research by A. Cetin et al. [41] has underscored the
importance of material selection in achieving desired EDM
performance, highlighting the need for alternative fabrication
methods to accommodate a broader range of materials.
Milling and grinding operations are prone to tool wear and
require regular maintenance to ensure consistent
performance. H. Salvi et al. [42] identified tool wear as a
significant challenge in conventional EDM electrode
fabrication, necessitating frequent tool changes and
reconditioning, which can increase production costs and
downtime.

In summary, while conventional methods of EDM
electrode  fabrication have been instrumental in

manufacturing processes for decades, they are not without
their limitations and challenges. Dimensional accuracy,
surface finish, material compatibility, tool wear, setup
complexity, and design flexibility are among the key
constraints associated with milling, grinding, and wire EDM
operations.

Addressing these limitations may require the adoption of
alternative  fabrication methods, such as additive
manufacturing techniques like FDM or Selective Laser
Melting (SLM), which offer unique advantages in terms of
design flexibility, material compatibility, and process
efficiency. Table 1 shows a Comparison of Milling, Grinding,
and Wire EDM Processes for FDM Electrode Manufacturing.

3. FDM

FDM represents a pioneering additive manufacturing
technique renowned for its versatility and widespread
adoption across diverse industries.

3.1. Principle of FDM

Central to FDM's operational framework is the principle
of material extrusion, wherein a thermoplastic filament
undergoes controlled heating within an extrusion nozzle until
it reaches its molten state [43]. Upon achieving optimal
viscosity, the molten material is meticulously deposited onto
a build platform in accordance with the specifications
delineated by a digital 3D model.

This layer-by-layer deposition process facilitates the
gradual fabrication of complex geometries with precision and
fidelity as successive layers seamlessly fuse to form a
cohesive structure. Figure 2 illustrates the process diagram
for manufacturing EDM electrodes using the FDM method.

Table 1. Comparison of milling, grinding, and wire EDM processes for FDM electrode manufacturing

Aspect Milling

Grinding Wire EDM

Material removal by rotating

Process
cutter

Abrasive particles
remove material

Material removal by
electrical discharge

Suitable for conductive and

Material Compatibility non-conductive materials

Suitable for conductive
materials only

Suitable for conductive
materials only

Accuracy High precision achievable

Moderate precision High precision achievable

achievable
. Excellent surface finish Good surface finish Excellent surface finish
Surface Finish . ) g
achievable achievable achievable

No physical tool contact,

and tooling costs

Tool Wear Moderate tool wear High tool wear F
minimal tool wear
. Longer lead time due to the | Shorter lead time for Shorter lead time for setup,
Lead Time - - . .
setup and machining process | grinding setup wire threading
. Can handle complex Limited to simpler Can handle complex
Complexity . . .
geometries geometries geometries
Higher cost due to machine | Moderate cost for Higher cost _due to machine
Cost setup and wire

grinding equipment

consumption

14
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3.2. Technology Behind FDM

FDM's technological prowess is predicated upon the
seamless integration of multifaceted components operating in
concert to bring digital designs to fruition. Integral to this

process is a sophisticated ensemble of elements, including the
filament feed system, extrusion nozzle, motion control
system, build platform, cooling mechanism, and support
structures.
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Fig. 2 Schematic of FDM machine
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processing

Inspect the final
product and use

Fig. 1 Stages for FDM method of EDM electrode manufacturing

The filament feed system orchestrates the precise
delivery of thermoplastic filaments to the extrusion nozzle,
where meticulous heating ensues, culminating in the
controlled extrusion of molten material onto the build
platform [44]. Guided by a meticulously calibrated motion
control system, the extruder traverses predetermined paths,
meticulously depositing material layer by layer to realize the
intricacies of the digital design. Subsequent cooling
mechanisms expedite the solidification process, ensuring
optimal adhesion and structural integrity. Moreover, the
judicious integration of support structures augments stability
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during printing, particularly in instances involving overhangs
or unsupported features.

3.3. Advantages of FDM

FDM emerges as a transformative additive
manufacturing technology, heralding a paradigm shift in
design innovation, production agility, and cost efficiency
[45]. By harnessing the inherent advantages of FDM,
businesses can unlock new opportunities for product
development, enhance operational efficiency, and drive
sustainable growth in an increasingly competitive global
marketplace.
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4. FDM for EDM Electrode Fabrication

EDM electrodes are crucial components influencing the
precision and efficacy of the EDM process. The choice of
electrode material significantly impacts surface tolerance,
wear resistance, cutting efficiency, and overall machining
performance. High electrical conductivity, characterized by
lower resistance, is paramount for optimal cutting efficiency
and reduced energy consumption during EDM operations [6].
Additionally, the electrode material's melting point is a
crucial consideration to ensure stable and controlled material
removal [46].

Furthermore, excellent thermal conductivity is desirable
to dissipate heat effectively and prevent thermal damage to
the workpiece and electrode [47]. Ease of machining is
another essential aspect, facilitating the fabrication of
intricate electrode shapes with high precision [48]. Density is
also a key factor affecting dimensional accuracy, with higher-
density materials typically resulting in lower dimensional
loss during EDM processes [49]. A wide range of materials
are utilized for EDM electrodes, including brass, copper,
copper alloys, copper tungsten, graphite, molybdenum, silver
tungsten, tellurium copper, and others. Each material offers
unique properties and advantages tailored to specific
machining requirements, highlighting the importance of
selecting the most suitable electrode material for achieving
desired EDM outcomes [50-52]. Table 2 provides a
comparative analysis of different materials, considering both
economic and technological factors. Figure 5 shows factors
affecting electrode performance.

Reddy et al. [53] investigated the conductivity of FDM-
based electrodes for EDM applications. PLA and ABS
electrodes were fabricated and metalized with copper using a
standard electroless deposition process. Conductivity
increased with deposition time, with a maximum achieved
after 48 hours. Interestingly, PLA exhibited higher
conductivity than ABS, and electrodes with 100% infill
performed better than those with lower infill.

Savan and Karajagikar [54] pioneered real-time EDM
with FDM electrodes. They compared machining EN-19
alloy steel with solid copper and metalized FDM electrodes.
The FDM electrodes were created with the desired shape and
then copper-plated to meet EDM thickness requirements.
Both electrodes performed similarly in a 35-minute EDM test
(MRR, TWR, Ra), with metalized FDM electrodes even
showing promise for finishing operations. This suggests that
metalized FDM electrodes could be a viable alternative to
solid copper electrodes in EDM.

Equbal et al. [55] compared solid copper and FDM
electrodes for EDM on mild steel. They investigated the
required copper plating thickness on FDM electrodes for
wear resistance. An equation for adjusting coating thickness
based on machining parameters was proposed. EDM tests
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with response surface methodology revealed superior MRR
with FDM electrodes. However, both electrodes suffered
from poor dimensional accuracy with large holes. Notably,
the study used a single copper electrode for all tests, while
separate FDM electrodes were used for each cavity. Finally,
multi-objective optimization identified optimal machining
conditions for FDM electrodes.

Pawar et al. [56] explored FDM for EDM electrodes.
They used electroless copper plating (1.5mm thick) on ABS
parts and optimized machining performance (MRR, TWR,
Ra) using Taguchi's L9 orthogonal array with EDM. Current
was identified as the most significant factor influencing
performance compared to voltage and pulse on time.

« Current

Pulse on time
Flushing pressure
Off line

« Gap voltage

Process
parameters

daterial removal rate
Yol wear ratio
rface quality

Performance
measures

Fig. 6 Process parameters and performance measures of the EDM
process [57]

Padhi et al. [58] investigated FDM electrodes with
copper electroplating for machining D2 steel. A 1mm thick
plated electrode achieved a 3500 wm machining depth with
minimal wear (8 um, 0.29% relative wear). MRR and TWR
were comparable to solid copper tools. They proposed
selective re-metallization of worn areas for electrode reuse,
reducing metallization time, material consumption, and
overall tool lifecycle costs.

Alan et al. [59] proposed a direct production route using
Rapid Prototype (RP) parts as the electrodes for EDM, which
would have the double effect of unlocking the potential of the
EDM die sinking process and expanding the role of RP in the
production environment. Dande et al. [60] evaluated copper-
plated FDM electrodes (CE) against Solid Copper (SC)
electrodes for EDM.

Both electrodes achieved similar MRR, TWR, and Ra.
They highlighted the significant weight reduction of CE
compared to SC electrodes (less than 1/3rd), making them
easier to handle. However, challenges were identified in
plating complex shapes and potential accuracy variations.
Despite these limitations, CE electrodes were found to be a
viable alternative to solid copper electrodes. Table 2 shows
the comparative analysis of electrode materials.
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Selective Laser Sintering (SLS) is a powder bed fusion
additive manufacturing technique that utilizes a high-power
laser to fuse powdered material selectively, typically metal or
plastic, layer by layer, based on a 3D CAD model [61]. SLS
offers advantages such as high accuracy, intricate geometries,
and the ability to work with a wide range of materials.
Electrodes manufactured using SLS exhibit excellent
dimensional accuracy and surface finish, making them
suitable for precise EDM operations.

In terms of material selection, both SLS and FDM offer
a variety of options, including metals, such as copper and
steel, as well as engineering plastics, like ABS and PLA [62].
The choice of material depends on factors such as electrical
conductivity, thermal stability, and machinability, which are
critical for EDM electrode performance. Performance

evaluation of electrodes fabricated by SLS and FDM
techniques involves assessing key parameters such as
Material Removal Rate (MRR), surface roughness (Ra), and
electrode wear rate. Research studies have indicated that SLS
electrodes generally exhibit higher MRR and better surface
finish compared to FDM electrodes, attributed to the superior
dimensional accuracy and surface quality achieved through
SLS [63]. Additionally, the durability and wear resistance of
electrodes fabricated via SLS and FDM methods vary
depending on the material used and the specific EDM process
conditions. While SLS electrodes may offer better wear
resistance due to their denser structure and homogeneous
material properties, FDM electrodes can be optimized
through post-processing techniques such as surface coating
or metal plating to enhance their performance and longevity.

Table 2. Comparative analysis of electrode materials [64]

Material Te:\n/I Slztrlgtgu re C;Zeurcrg?/li ty Density MRR TWR Ma[r)w #fficljijtrmg Cost
(°C) (Wm-1-K-1) | (g/cm3) y
Copper 1084 401 8.96 :)E’ghhfgg Low Easy High
Graphite 3350 24-470 1.811 High Low Difficult High
Brass 930 159 8.73 ;'r']?shhfr?g High Easy Low
Tungsten 3695 173 19.25 Low Low Difficult High
cc-)l;;;)r:a?s;lalrcl)y 3500 27.21 152 Low | Low Difficult High
Castiron 1204 20-70 7.13 Low Low Easy Low
Carbon steel 1460 51.9 7.85 Low High Easy Low
Zinc-based 693 116 714 | Highfor o oo Easy High
alloy roughing
Cu-w 2250 220 14.84 Medium Low Medium High
Cu-Gr 2550 250 6.8 High Low Easy High
Ag-W 980 160 15.28 Medium Low Difficult High
W-C 2870 84.02 15.7 High Low Difficult High
Te-Cu 660 210 2.69 Low High Difficult High

In summary, both SLS and FDM present viable options
for the fabrication of electrodes for EDM. While SLS offers
superior dimensional accuracy and surface finish, FDM
provides cost-effective and versatile solutions for complex
electrode geometries. The choice between the two techniques
depends on the specific requirements of the EDM application,
including material properties, geometric complexity, and
desired performance outcomes.

5. FDM-Generated EDM Electrodes Across

Industries
The real-world applications of FDM-generated EDM
electrodes span various industries, showcasing the versatility
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and efficacy of this manufacturing approach. Research
studies have delved into exploring these applications,
shedding light on the practical utilization of FDM-generated
electrodes [65]. Industries such as aerospace, automotive,
medical, and tooling have extensively benefited from this
innovative manufacturing technique.

5.1. Automotive Industry

Research studies by Li et al. [66] have explored the use
of FDM-generated electrodes in automotive component
manufacturing, focusing on the production of molds, dies,
and tooling for wvehicle parts. These studies have
demonstrated the ability of FDM-generated electrodes to
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fabricate complex geometries required for automotive
components, such as engine parts, transmission components,
and interior trim elements. Additionally, investigations by
Sarma et al. [67] have highlighted the application of FDM-
generated electrodes in automotive prototyping and
customization, enabling rapid iteration and testing of new
designs. Furthermore, studies conducted by Chadha et al. [68]
have examined the use of FDM-generated electrodes in
automotive repair and maintenance operations, showcasing
their effectiveness in restoring damaged components and
optimizing production processes.

5.2. Medical and Tooling Industry

Research studies by Fransis et al. [69] have explored the
use of FDM-generated electrodes in medical device
manufacturing, particularly in the production of surgical
instruments, implants, and prosthetics. These studies have
demonstrated the capability of FDM-generated electrodes to
fabricate intricate and patient-specific designs with high
accuracy, which is essential for medical applications where
precision and customization are critical. Additionally,
investigations by Montez et al. [12] have highlighted the
application of FDM-generated electrodes in tooling and mold
making for various industries, including aerospace,
automotive, and consumer goods.

6. EDM Electrode Metallization

Metallization, the process of depositing a metallic layer
onto the electrode surface, offers a powerful approach to
enhancing electrode properties [70]. Conventional EDM
electrodes are often made of copper or brass due to their good
electrical conductivity and machinability. However, these
materials suffer from drawbacks like high wear rates and poor
machinability for intricate features. Metallization addresses
these limitations by introducing a thin layer of a different
metal onto the base electrode.

6.1. Electroplating

Research by Kamar et al. [71] and Babu al. [72]
highlighted this economic advantage, making electroplating
a practical and cost-effective choice for various
manufacturing applications. One of the key strengths of
electroplating lies in its precise control over deposition
thickness. Bhattacharya et al. [73] delve into this aspect,
detailing how manipulating direct current parameters during
electroplating allows for tailored deposition thickness. This
precise control, as emphasized by Faraji et al. [74], empowers
manufacturers to create electrodes with properties
specifically suited for the desired machining task. For
instance, a thicker layer might be deposited to enhance wear
resistance for challenging materials. However, it is crucial to
acknowledge the limitations of electroplating alongside its
strengths. As explored by Huang et al. [75], this technique
might struggle with complex electrode geometries. The
intricate features often required for mold and die electrodes
might pose challenges to achieving uniform deposition
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through electroplating. Furthermore, the range of metals that
can be effectively deposited through electroplating might be
narrower compared to more advanced methods. Navinsek et
al. [76] point out that achieving a desired metal coating with
specific properties might not always be possible with
electroplating. This can be a limitation, as highlighted by
Zhai et al. [77], in situations where superior wear resistance
or unique material properties are required for the electrode.
While electroplating offers a reliable and cost-effective
solution, understanding its limitations is essential. Several
research articles, including those by Ojstrsek et al. [78] and
Kumar et al. [79], explore alternative metallization
techniques like PVD and CVD. These methods can be
particularly useful for situations demanding intricate
geometries or a wider variety of material properties for the
electrode, as emphasized by Biswas et al. [80]. The MRR is
constrained by a tendency for the electrodes' thin copper
coating to overheat, which results in distortion and rupture
[81].

6.2. Electroless Plating

Electroless plating offers a compelling alternative to
electroplating for the metallization of EDM electrodes.
Unlike electroplating, which relies on an external electrical
current, electroless plating utilizes a chemical reaction to
deposit a metal layer [82].

One of the primary advantages of electroless plating lies
in its ability to achieve uniform deposition on complex
geometries. Research by Pu et al. [83] and Perera et al. [84]
highlight ~ this  strength,  demonstrating  successful
metallization of microchannels and intricate electrode
features through electroless plating. This characteristic makes
it particularly suitable for applications demanding electrodes
with intricate shapes, such as mold and die making.

Furthermore, electroless plating offers a wider range of
metals that can be deposited compared to traditional
electroplating. Studies by Bonin et al. [85] and Kundu et al.
[86] delve into this aspect, showcasing the ability to deposit
metals like nickel-phosphorus (Ni-P) alloys and nickel boron
(Ni-B) alloys. These alloys offer superior properties like
improved wear resistance and enhanced corrosion resistance,
making them ideal for challenging machining tasks.

However, electroless plating also has limitations that
need to be considered. As explored by Hanna et al. [87],
controlling the deposition rate and thickness with electroless
plating can be more challenging compared to electroplating.
This can lead to potential inconsistencies in the final
electrode properties. Additionally, the bath chemistry
involved in electroless plating can be more complex and
require stricter control compared to electroplating solutions,
as emphasized by Kerr et al. [88]. This can translate to higher
maintenance costs and potential environmental concerns
associated with the disposal of spent plating baths.
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Despite these limitations, research by Gharde et al. [89]
and Okinaka et al. [90] emphasizes the ongoing
advancements in electroless plating technology. The
development of new bath formulations and process control
techniques are paving the way for more consistent and
predictable deposition characteristics.

6.3. Physical Vapor Deposition (PVD)

Physical Vapor Deposition (PVD) stands as a powerful
contender in the realm of EDM electrode metallization,
offering distinct advantages over traditional methods. Unlike
electroplating and electroless plating, PVD relies on physical
processes to vaporize and deposit a target material onto the
electrode surface.

One of the key strengths of PVD lies in its exceptional
control over deposition thickness and uniformity. Studies by
Guan et al. [91] and Matthews et al. [92] highlight this
advantage, demonstrating the ability to achieve precise and
consistent metal coatings across the entire electrode surface.
This level of control allows for tailored electrode properties
for specific machining requirements. For instance, a precisely
controlled thin film of a high-hardness material can be
deposited to enhance wear resistance. Furthermore, PVD
offers a vast array of materials that can be deposited
compared to traditional wet-chemical methods. Research by
Glechner et al. [93] and Harder et al. [94] showcases the
ability to deposit not only metals but also ceramic and
composite coatings. These coatings can offer superior
properties like exceptional wear resistance, high thermal
stability, and improved electrical conductivity, making them
ideal for challenging machining tasks and high-performance
electrodes. However, PVD also has limitations that need to
be considered. As explored by Bandineli et al. [95], the
upfront cost of PVD equipment and process setup can be
significantly higher compared to electroplating or electroless
plating. This can be a barrier for smaller manufacturers or
applications with lower production volumes. Additionally,
the line-of-sight nature of PVD deposition can pose
challenges for complex electrode geometries, as highlighted
by Butt et al. [96]. Recesses or hidden areas might not receive
uniform coating thickness. Researchers like Wang et al. [97]
are exploring advanced PVD techniques like pulsed PVD to
address these limitations and achieve more conformal
coatings. Despite these limitations, PVD remains a valuable
tool for advanced EDM electrode metallization. Research by
Harish et al. [98] and Sibu et al. [99] emphasizes the ongoing
advancements in PVD technology, with developments in
target materials, deposition processes, and equipment design
leading to improved cost-effectiveness and broader
applicability.

6.4. Chemical Vapor Deposition (CVD)

CVD emerges as a sophisticated technique for the
metallization of EDM electrodes, offering unique advantages
over other methods. Unlike PVD, which relies on physical
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vaporization, CVD utilizes chemical reactions to deposit a
thin film of the desired material onto the electrode surface.

One of the key strengths of CVD lies in its exceptional
control over deposition thickness and uniformity. Studies by
Xu et al. [1] and Zhang et al. [2] highlighted this strength,
demonstrating the ability to achieve precise and consistent
metal coatings with high conformality, even on complex
electrode geometries. This characteristic  becomes
particularly valuable for micro-EDM applications where
intricate features require uniform metal layers for optimal
machining performance. Furthermore, CVD boasts a vast
array of materials that can be deposited, similar to PVD.
Research by Luo et al. [3] and Chen et al. [4] showcases the
ability to deposit not only common metals but also refractory
metals like tungsten and molybdenum. These metals possess
exceptional high-temperature properties, making them ideal
for machining difficult-to-cut materials or high-speed EDM
applications. However, CVD also has limitations that require
careful consideration. As explored by Ahmed et al. [5], the
process can be complex and involve relatively slow
deposition rates compared to other methods like
electroplating. This can translate to longer processing times
and potentially higher costs, especially for large-scale
applications. Additionally, the CVD process often requires
high temperatures, as highlighted by Yadava et al. [6]. This
can pose challenges for certain electrode base materials that
might be susceptible to thermal degradation at such
temperatures. Careful selection of both the deposition process
parameters and the base electrode material is crucial for
successful implementation. Despite these limitations, CVD
remains a valuable tool for advanced EDM electrode
metallization. Research by Kumar et al. [7] and Singh et al.
[8] emphasizes the ongoing advancements in CVD
technology, with the development of new precursor materials
and process optimization leading to faster deposition rates
and broader applicability.

7. Recent Advancements and Innovations in

FDM Technology

Recent advancements in FDM technology have
significantly impacted EDM electrode fabrication, offering
new capabilities and opportunities for improved performance
and efficiency. One notable innovation is the development of
advanced FDM materials specifically tailored for EDM
applications. Research studies by Singh et al. [100] have
explored the use of novel composite materials with enhanced
conductivity and wear resistance optimized for EDM
electrode fabrication. These materials exhibit superior
properties compared to traditional FDM filaments, enabling
the production of electrodes with improved durability and
machining performance. Furthermore, advancements in FDM
hardware and software have led to increased precision and
reliability in electrode manufacturing. A study by Wei et al.
[101] investigated the use of high-resolution FDM printers
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equipped with advanced nozzle technology and automated
calibration systems, resulting in finer details and tighter
tolerances in  electrode fabrication.  Additionally,
developments in slicing software algorithms, as discussed by
Xu et al. [102], have optimized toolpath generation and layer
deposition strategies, further enhancing the quality and
consistency of FDM-generated electrodes. Another
significant advancement is the integration of additive
manufacturing techniques with post-processing methods for
electrode surface modification and metallization. Research
by Sharma et al. [103] has demonstrated the use of CVD and
electroplating techniques to deposit conductive coatings onto
FDM-generated electrodes, improving their electrical
conductivity and performance in EDM applications.

Optimization of process parameters in EDM is crucial
for achieving desired machining outcomes, such as MRR,
surface finish, and electrode wear. When utilizing FDM-
fabricated electrodes in EDM, researchers have focused on
optimizing process parameters to enhance machining
efficiency and electrode performance [55]. Research by
Mohanty and Mohanty [104] explored the optimization of
EDM process parameters. The study investigated the
influence of pulse duration and peak current on MRR and
surface roughness, with the aim of maximizing machining
efficiency while maintaining surface integrity. Through
experimental analysis and statistical optimization techniques,
the researchers identified optimal parameter settings for
different machining conditions, leading to improved EDM
performance. Similarly, Dande et al. [60] conducted a study
on the optimization of EDM process parameters using FDM
electrodes coated with copper. The research focused on
determining the optimal combination of pulse duration, peak
current, and electrode material composition to enhance MRR
and reduce electrode wear. By systematically varying process
parameters and analyzing their effects on machining
outcomes, the study identified optimal parameter settings for
maximizing material removal and electrode longevity.

8. Challenges and Future Directions

During the research study on the applicability of FDM
for EDM electrode fabrication, several challenges were
encountered, highlighting potential areas for improvement in
future investigations.

The choice of filament materials for FDM-generated
electrodes is critical to ensure adequate electrical
conductivity, thermal stability, and wear resistance.
However, existing materials may have limitations in terms of
their performance in EDM applications, such as insufficient
conductivity or poor machinability. Future research should
focus on developing new composite filaments with optimized
properties for EDM electrode fabrication. Achieving the
desired surface finish and dimensional accuracy of FDM-
generated electrodes can be challenging due to factors such
as layer adhesion, filament extrusion variability, and post-
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processing techniques. Improvements in printing technology,
post-processing methods, and parameter optimization are
needed to enhance surface quality and dimensional precision.
Despite advancements in material composition and printing
techniques, FDM-generated electrodes may exhibit
limitations in terms of EDM performance, such as lower
MRR or increased TWR compared to conventional
electrodes. Further research is required to optimize electrode
design, process parameters, and post-processing treatments to
improve EDM performance metrics. Variations in material
properties and anisotropic behavior inherent in FDM-printed
parts can impact the consistency and reliability of EDM
electrodes. Addressing issues related to material
homogeneity, layer bonding, and internal stresses is essential
to ensure uniform performance and stability of FDM-
generated electrodes during EDM machining. While FDM
offers advantages in terms of cost-effectiveness and rapid
prototyping, scalability and cost competitiveness for mass
production may still pose challenges. Future research should
explore cost-efficient material formulations, process
optimizations, and automation strategies to enhance the
scalability and economic viability of FDM-based electrode
fabrication for industrial applications. The environmental
impact of FDM processes, including filament production,
energy consumption, and waste generation, is an emerging
concern. Developing sustainable materials, recycling
initiatives, and energy-efficient manufacturing practices can
help mitigate the environmental footprint of FDM-based
electrode fabrication.

Within the field of FDM for EDM electrode fabrication,
several emerging trends and areas of interest are shaping the
future direction of research and development. Researchers
are exploring novel material formulations and composites
tailored specifically for FDM-based electrode fabrication.
These materials aim to offer enhanced electrical conductivity,
thermal stability, and wear resistance while also enabling
intricate geometries and improved processability. Examples
include metal-filled filaments, ceramic-based composites,
and functionalized polymers with tailored properties for
EDM applications.

The integration of multi-material printing capabilities in
FDM systems enables the fabrication of complex electrodes
with graded material properties or embedded functionalities.
By selectively depositing multiple materials during printing,
engineers can optimize electrode performance for specific
EDM tasks, such as combining conductive and insulating
materials for electrode customization or incorporating
sacrificial support structures for intricate geometries.
Advances in computational modeling and simulation
techniques allow for the optimization of FDM process
parameters and the prediction of electrode performance
characteristics. By leveraging simulation tools, researchers
can systematically explore the effects of various printing
parameters, material properties, and post-processing
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treatments on electrode quality, enabling informed decision-
making and rapid iteration in design and manufacturing.
Real-time monitoring and feedback systems integrated into
FDM printers enable in-situ quality control and process
optimization during electrode fabrication. These systems may
utilize sensors, cameras, or machine learning algorithms to
detect defects, measure dimensional accuracy, and adjust
printing parameters in real-time, ensuring consistent and
reliable electrode production. The integration of FDM with
other manufacturing processes, such as CNC machining,
laser ablation, or post-printing treatments, offers new
opportunities for enhancing electrode performance and
functionality. Hybrid approaches enable the deposition of
FDM-generated structures followed by secondary processing
steps to refine surface finish, improve conductivity, or add
surface treatments for specific EDM applications. Tailoring
electrode design and geometry to specific EDM tasks and
workpiece materials is becoming increasingly important.
Researchers are exploring parametric design tools, topology
optimization algorithms, and generative design techniques to
create customized electrodes optimized for material removal
efficiency, surface finish, and dimensional accuracy in
diverse EDM applications.

9. Conclusion
In conclusion, the review of existing literature on the
applicability of Fused Deposition Modeling (FDM) in
Electrical Discharge Machining (EDM) electrode fabrication
has provided valuable insights into the current state of
research and its potential impact on the manufacturing
industry.
o FDM offers a promising alternative for EDM electrode
fabrication, providing advantages such as rapid
prototyping, design flexibility, and cost-effectiveness.

References

e Researchers have investigated various materials,
processes, and techniques to optimize the performance
of FDM-generated electrodes, including material
development, process parameters optimization, and
post-processing treatments.

e Real-world applications of FDM-generated electrodes
have been explored across diverse industries, including
aerospace, automotive, medical, and tooling,
showcasing the versatility and effectiveness of this
technology.

e Challenges such as material properties optimization,
dimensional accuracy, and surface finish control remain
areas of active research, highlighting the need for
continued innovation and advancement in FDM
technology.

Overall, the current state of research suggests that FDM
holds great potential for EDM electrode fabrication, offering
a viable solution for producing complex geometries and
customized electrodes with improved performance
characteristics. As technology continues to evolve and
researchers address remaining challenges, FDM is poised to
play a significant role in transforming the manufacturing
industry by enabling faster, more cost-effective, and
sustainable production processes.

In closing, the significance of FDM technology lies in its
ability to democratize manufacturing, empowering designers
and engineers to rapidly iterate designs, customize products,
and bring innovations to market faster than ever before. By
bridging the gap between digital design and physical
production, FDM has the potential to revolutionize traditional
manufacturing paradigms, driving efficiency, agility, and
competitiveness in industries worldwide.

[1]

[2]

(31

[4]

[5]

[6]

(71

Sudhir Kumar et al., “Unlocking AIST420 Martensitic Stainless Steel’s Potential: Precision Enhancement via S-EDM with Copper
Electrodes and Multivariate Optimization,” Arabian Journal for Science and Engineering, vol. 49, pp. 1145711478, 2024. [CrossRef]
[Google Scholar] [Publisher Link]

Ugochukwu Sixtus Nwankiti, and Sunday Oke, “Optimal Cutting Conditions of Abrasive Waterjet Cutting for Ti-6Al-2Sn-2Mo Alpha-
Beta Alloy Using EDAS and DFA Methods,” Gazi University Journal of Science Part A: Engineering and Innovation, vol. 9, no. 3, pp.
233-250, 2022. [CrossRef] [Google Scholar] [Publisher Link]

Y.S. Wong et al., “Investigation of Micro-EDM Material Removal Characteristics Using Single RC-Pulse Discharges,” Journal of
Materials Processing Technology, vol. 140, no. 1-3, pp. 303-307, 2003. [CrossRef] [Google Scholar] [Publisher Link]

A. Shokrani, V. Dhokia, and S.T. Newman, “Environmentally Conscious Machining of Difficult-to-Machine Materials with Regard to
Cutting Fluids,” International Journal of Machine Tools and Manufacture, vol. 57, pp. 83-101, 2012. [CrossRef] [Google Scholar]
[Publisher Link]

Deepak Kumar, Nirmal Kumar Singh, and Vivek Bajpai, “Recent Trends, Opportunities and Other Aspects of Micro-EDM for Advanced
Manufacturing: A Comprehensive Review,” Journal of the Brazilian Society of Mechanical Sciences and Engineering, vol. 42, 2020.
[CrossRef] [Google Scholar] [Publisher Link]

Sushil Kumar Choudhary, and R.S. Jadoun, “Current Advanced Research Development of Electric Discharge Machining (EDM): A
Review,” International Journal of Research in Advent Technology, vol. 2, no. 3, pp. 273-297, 2014. [Google Scholar] [Publisher Link]
lan Gibson, David Rosen, and Brent Stucker, Additive Manufacturing Technologies, 3D Printing, Rapid Prototyping, and Direct Digital
Manufacturing, 2™ ed., Springer New York, NY, 2015. [CrossRef] [Google Scholar] [Publisher Link]

22


https://doi.org/10.1007/s13369-024-08711-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Unlocking+AISI420+Martensitic+Stainless+Steel%E2%80%99s+Potential%3A+Precision+Enhancement+Via+S-EDM+with+Copper+Electrodes+and+Multivariate+Optimization&btnG=
https://link.springer.com/article/10.1007/s13369-024-08711-5
https://doi.org/10.54287/gujsa.1135609
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimal+Cutting+Conditions+of+Abrasive+Waterjet+Cutting+for+Ti-6Al-2Sn-2Mo+Alpha-Beta+Alloy+Using+EDAS+and+DFA+Methods&btnG=
https://dergipark.org.tr/en/pub/gujsa/issue/72855/1135609
https://doi.org/10.1016/S0924-0136(03)00771-4
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+micro-EDM+material+removal+characteristics+using+single+RC-pulse+discharges&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0924013603007714
https://doi.org/10.1016/j.ijmachtools.2012.02.002
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Environmentally+conscious+machining+of+difficult-to-machine+materials+with+regard+to+cutting+fluids&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0890695512000260
https://doi.org/10.1007/s40430-020-02296-4
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Recent+trends%2C+opportunities+and+other+aspects+of+micro-EDM+for+advanced+manufacturing%3A+a+comprehensive+review&btnG=
https://link.springer.com/article/10.1007/S40430-020-02296-4
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Current+advanced+research+development+of+electric+discharge+machining+%28EDM%29%3A+a+review&btnG=
https://ijrat.org/downloads/Vol-2/march-2014/paper%20ID-232014128.pdf
https://doi.org/10.1007/978-1-4939-2113-3
https://scholar.google.com/scholar?q=Additive+manufacturing+technologies+3D+printing,+rapid+prototyping,+and+direct+digital+manufacturing.&hl=en&as_sdt=0,5
https://link.springer.com/book/10.1007/978-1-4939-2113-3

N.J. Shirbhate et al. / IIME, 11(9), 11-27, 2024

[8] S.C. Daminabo et al., “Fused Deposition Modeling-Based Additive Manufacturing (3D Printing): Techniques for Polymer Material
Systems,” MaterialsToday Chemistry, vol. 16, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[9] Wei Gao et al., “The Status, Challenges, and Future of Additive Manufacturing in Engineering,” Computer-Aided Design, vol. 69, pp.
65-89, 2015. [CrossRef] [Google Scholar] [Publisher Link]

[10] Zaisam Al-Dulimi et al., “3D Printing Technology as Innovative Solutions for Biomedical Applications,” Drug Discovery Today, vol.
26, no. 2, pp. 360-383, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[11] Adeniyi Kehinde Adeleke et al., “3D Printing in Aerospace and Defense: A Review of Technological Breakthroughs and Applications,’
World Journal of Advanced Research and Reviews, vol. 21, no. 2, pp. 1149-1160, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[12] Matthew Montez et al., “Fused Deposition Modeling (FDM): Processes, Material Properties, and Applications,” Tribology of Additively
Manufactured Materials, pp. 137-163, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[13] Ankita Jaisingh Sheoran, and Harish Kumar, “Fused Deposition Modeling Process Parameters Optimization and Effect on Mechanical
Properties and Part Quality: Review and Reflection on Present Research,” Materials Today: Proceedings, vol. 21, no. 3, pp. 1659-1672,
2020. [CrossRef] [Google Scholar] [Publisher Link]

[14] Laukik P. Raut, and Ravindra V. Taiwade, “Microstructure and Mechanical Properties of Wire Arc Additively Manufactured Bimetallic
Structure of Austenitic Stainless Steel and Low Carbon Steel,” Journal of Materials Engineering and Performance, vol. 31, pp. 8531-
8541, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[15] T. Altan et al., “Advanced Techniques for Die and Mold Manufacturing,” CIRP Annals, vol. 42, no. 2, pp. 707-716, 1993. [CrossRef]
[Google Scholar] [Publisher Link]

[16] Jaber E. Abu Qudeiri et al., “Principles and Characteristics of Different EDM Processes in Machining Tool and Die Steels,” Applied
Sciences, vol. 10, no. 6, pp. 1-46, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[17] Fritz Klocke et al., “Turbomachinery Component Manufacture by Application of Electrochemical, Electro-Physical and Photonic
Processes,” CIRP Annals, vol. 63, no. 2, pp. 703-726, 2014. [CrossRef] [Google Scholar] [Publisher Link]

[18] Frank C. Walsh, and Carlos Ponce de Leon, “Progress in Electrochemical Flow Reactors for Laboratory and Pilot Scale processing,”
Electrochimica Acta, vol. 280, pp. 121-148, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[19] N. Tosun, C. Cogun, and A. Inan, “The Effect of Cutting Parameters on Workpiece Surface Roughness in Wire EDM,” Machining
Science and Technology, vol. 7, no. 2, pp. 209-219, 2003. [CrossRef] [Google Scholar] [Publisher Link]

[20] Pankaj Kumar Gupta, Akshay Dvivedi, and Pradeep Kumar, “Developments on Electrochemical Discharge Machining: A Review of
Experimental Investigations on Tool Electrode Process Parameters,” Proceedings of the Institution of Mechanical Engineers, Part B:
Journal of Engineering Manufacture, vol. 229, no. 6, pp. 910-920, 2015. [CrossRef] [Google Scholar] [Publisher Link]

[21] Danil Yu Pimenov et al., “Resource Saving By Optimization And Machining Environments for Sustainable Manufacturing: A Review
and Future Prospects,” Renewable and Sustainable Energy Reviews, vol. 166, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[22] M. Muniraju, and Gangadharudu Talla, “Exploring Sustainable Machining Processes for Nitinol Shape Memory Alloy: A Review of
Eco-Friendly EDM and other Techniques,” Journal of the Brazilian Society of Mechanical Sciences and Engineering, vol. 46, no. 2,
2024. [CrossRef] [Google Scholar] [Publisher Link]

[23] Ashish W. Fande, Ravindra V. Taiwade, and Laukik Raut, “Development of Activated Tungsten Inert Gas Welding and its Current
Status: A Review,” Materials and Manufacturing Processes, vol. 37, no. 8, pp. 841-876, 2022. [CrossRef] [Google Scholar] [Publisher
Link]

[24] Mohammad Zulafif Rahim et al., “Electrical Discharge Grinding Versus Abrasive Grinding in Polycrystalline Diamond Machining—
Tool Quality and Performance Analysis,” The International Journal of Advanced Manufacturing Technology, vol. 85, pp. 263-277,
2016. [CrossRef] [Google Scholar] [Publisher Link]

[25] M. Rahman et al., “A Multiprocess Machine Tool for Compound Micromachining,” International Journal of Machine Tools and
Manufacture, vol. 50, no. 4, pp. 344-356, 2010. [CrossRef] [Google Scholar] [Publisher Link]

[26] S. Debnath et al., Non-Traditional Micromachining Processes: Opportunities and Challenges, Non-Traditional Micromachining
Processes: Fundamentals and Applications, pp. 1-59, 2017. [CrossRef] [Google Scholar] [Publisher Link]

[27] Yao Sun et al., “A Comprehensive Review on Fabrication of Ultra Small Micro Tools via Electrical Discharge Machining-Based
Methods,” The International Journal of Advanced Manufacturing Technology, vol. 118, pp. 703-735, 2022. [CrossRef] [Google Scholar]
[Publisher Link]

[28] Zhiyu Zhang, Jiwang Yan, and Tsunemoto Kuriyagawa, “Manufacturing Technologies toward Extreme Precision,” International
Journal of Extreme Manufacturing, vol. 1, no. 2, pp. 1-22, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[29] Nopparat Seemuang, “Non-Destructive Evaluation and Condition Monitoring of Tool Wear,” Thesis, The University of Sheffield, 2016.
[Google Scholar] [Publisher Link]

[30] Deepak Sharma, and Somashekhar S. Hiremath, “Review on Tools and Tool Wear in EDM,” Machining Science and Technology, vol.
25, no. 5, pp. 802-873, 2021. [CrossRef] [Google Scholar] [Publisher Link]

i

23


https://doi.org/10.1016/j.mtchem.2020.100248
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fused+deposition+modeling-based+additive+manufacturing+%283D+printing%29%3A+techniques+for+polymer+material+systems&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2468519420300082
https://doi.org/10.1016/j.cad.2015.04.001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+status%2C+challenges%2C+and+future+of+additive+manufacturing+in+engineering&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0010448515000469
https://doi.org/10.1016/j.drudis.2020.11.013
https://scholar.google.com/scholar?q=3D+printing+technology+as+innovative+solutions+for+biomedical+applications&hl=en&as_sdt=0,5
https://www.sciencedirect.com/science/article/abs/pii/S1359644620304785
https://doi.org/10.30574/wjarr.2024.21.2.0558
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=3D+printing+in+aerospace+and+defense%3A+A+review+of+technological+breakthroughs+and+applications&btnG=
https://wjarr.com/content/3d-printing-aerospace-and-defense-review-technological-breakthroughs-and-applications
https://doi.org/10.1016/B978-0-12-821328-5.00005-6
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fused+deposition+modeling+%28FDM%29%3A+processes%2C+material+properties%2C+and+applications&btnG=
https://www.sciencedirect.com/science/article/abs/pii/B9780128213285000056
https://doi.org/10.1016/j.matpr.2019.11.296
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fused+Deposition+modeling+process+parameters+optimization+and+effect+on+mechanical+properties+and+part+quality%3A+Review+and+reflection+on+present+research&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2214785319339823
https://doi.org/10.1007/s11665-022-06856-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Microstructure+and+Mechanical+Properties+of+Wire+Arc+Additively+Manufactured+Bimetallic+Structure+of+Austenitic+Stainless+Steel+and+Low+Carbon+Steel&btnG=
https://link.springer.com/article/10.1007/s11665-022-06856-8
https://doi.org/10.1016/S0007-8506(07)62533-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Advanced+techniques+for+die+and+mold+manufacturing&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0007850607625335
https://doi.org/10.3390/app10062082
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Principles+and+characteristics+of+different+EDM+processes+in+machining+tool+and+die+steels&btnG=
https://www.mdpi.com/2076-3417/10/6/2082
https://doi.org/10.1016/j.cirp.2014.05.004
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Turbomachinery+component+manufacture+by+application+of+electrochemical%2C+electro-physical+and+photonic+processes&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0007850614001863
https://doi.org/10.1016/j.electacta.2018.05.027
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Progress+in+electrochemical+flow+reactors+for+laboratory+and+pilot+scale+processing&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0013468618310430
https://doi.org/10.1081/MST-120022778
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+effect+of+cutting+parameters+on+workpiece+surface+roughness+in+wire+EDM&btnG=
https://www.tandfonline.com/doi/abs/10.1081/MST-120022778
https://doi.org/10.1177/0954405414534834
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Developments+on+electrochemical+discharge+machining%3A+a+review+of+experimental+investigations+on+tool+electrode+process+parameters&btnG=
https://journals.sagepub.com/doi/abs/10.1177/0954405414534834
https://doi.org/10.1016/j.rser.2022.112660
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Resource+saving+by+optimization+and+machining+environments+for+sustainable+manufacturing%3A+A+review+and+future+prospects&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032122005524
https://doi.org/10.1007/s40430-023-04642-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Exploring+sustainable+machining+processes+for+nitinol+shape+memory+alloy%3A+a+review+of+eco-friendly+EDM+and+other+techniques&btnG=
https://link.springer.com/article/10.1007/s40430-023-04642-8
https://doi.org/10.1080/10426914.2022.2039695
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Development+of+activated+tungsten+inert+gas+welding+and+its+current+status%3A+A+review%2C&btnG=
https://www.tandfonline.com/doi/abs/10.1080/10426914.2022.2039695
https://www.tandfonline.com/doi/abs/10.1080/10426914.2022.2039695
https://doi.org/10.1007/s00170-015-7935-z
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Electrical+discharge+grinding+versus+abrasive+grinding+in+polycrystalline+diamond+machining%E2%80%94tool+quality+and+performance+analysis&btnG=
https://link.springer.com/article/10.1007/s00170-015-7935-z
https://doi.org/10.1016/j.ijmachtools.2009.10.007
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+multiprocess+machine+tool+for+compound+micromachining%2C&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0890695509002107
https://doi.org/10.1007/978-3-319-52009-4_1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Non-traditional+micromachining+processes%3A+opportunities+and+challenges&btnG=
https://link.springer.com/chapter/10.1007/978-3-319-52009-4_1
https://doi.org/10.1007/s00170-021-07976-6
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+comprehensive+review+on+fabrication+of+ultra+small+micro+tools+via+electrical+discharge+machining-based+methods&btnG=
https://link.springer.com/article/10.1007/s00170-021-07976-6
https://doi.org/10.1088/2631-7990/ab1ff1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Manufacturing+technologies+toward+extreme+precision&btnG=
https://iopscience.iop.org/article/10.1088/2631-7990/ab1ff1/meta
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Non-destructive+evaluation+and+condition+monitoring+of+tool+wear&btnG=
https://etheses.whiterose.ac.uk/13392/1/NOPPARAT%20PHD%20THESIS%20-%20APRIL%202016.pdf
https://doi.org/10.1080/10910344.2021.1971711
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Review+on+tools+and+tool+wear+in+EDM&btnG=
https://www.tandfonline.com/doi/abs/10.1080/10910344.2021.1971711

N.J. Shirbhate et al. / IIME, 11(9), 11-27, 2024

[31] Pedro J. Arrazola et al., “Broaching: Cutting Tools and Machine Tools for Manufacturing High Quality Features in Components,” CIRP
Annals, vol. 69, no. 2, pp. 554-577, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[32] Laukik P. Raut, and Ravindra V. Taiwade, “Wire Arc Additive Manufacturing: A Comprehensive Review and Research Directions,”
Journal of Materials Engineering and Performance, vol. 30, no. 7, pp. 4768-4791, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[33] Murat Kiyak, “Investigation of Effects of Cutting Parameters on Surface Quality and Hardness in the Wire-EDM Process,” The
International Journal of Advanced Manufacturing Technology, vol. 119, pp. 647-655, 2022. [CrossRef] [Google Scholar] [Publisher
Link]

[34] Nehem Tudu, “Influence of WEDM Parameters for Estimating the Surface Integrity of Laser Additive Manufactured Hybrid Material,”
Next Generation Materials and Processing Technologies, pp. 185-207, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[35] Jatinder Kapoor, Sehijpal Singh, and Jaimal Singh Khamba, “High-Performance Wire Electrodes for Wire Electrical-Discharge
Machining—A Review,” Proceedings of the Institution of Mechanical Engineers, Part B: Journal of Engineering Manufacture, vol. 226,
no. 11, pp. 1757-1773, 2012. [CrossRef] [Google Scholar] [Publisher Link]

[36] Nihat Tosun, Can Cogun, and Gul Tosun, “A Study on Kerf and Material Removal Rate in Wire Electrical Discharge Machining Based
on Taguchi Method,” Journal of Materials Processing Technology, vol. 152, no. 3, pp. 316-322, 2004. [CrossRef] [Google Scholar]
[Publisher Link]

[37] Vijay D. Patel et al., “Review of Wire-Cut EDM Process on Titanium Alloy,” International Journal of Engineering Research and
Applications, vol. 4, no. 12, pp. 112-121, 2014. [Google Scholar] [Publisher Link]

[38] Kapil Kumar, and Sanjay Agarwal, “Multi-Objective Parametric Optimization on Machining with Wire Electric Discharge Machining,”
The International Journal of Advanced Manufacturing Technology, vol. 62, pp. 617-633, 2012. [CrossRef] [Google Scholar] [Publisher
Link]

[39] Yunn-Shiuan Liao, Shun-Tong Chen, and Chang-Sheng Lin, “Development of a High Precision Tabletop Versatile CNC Wire-EDM
for Making Intricate Micro Parts,” Journal of Micromechanics and Microengineering, vol. 15, no. 2, 2004. [CrossRef] [Google Scholar]
[Publisher Link]

[40] Binayaka Nahak, and Ankur Gupta, “A Review on Optimization of Machining Performances and Recent Developments in Electro
Discharge Machining,” Manufacturing Review, vol. 6, no. 2, pp. 1-22, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[41] Abdurrahman Cetin et al., “Assessing the Performance of State-of-the-Art Machine Learning Algorithms for Predicting Electro-Erosion
Wear in Cryogenic Treated Electrodes of Mold Steels,” Advanced Engineering Informatics, vol. 61, 2024. [CrossRef] [Google Scholar]
[Publisher Link]

[42] Harsh Salvi et al., “Sustainability Analysis of Additive+ Subtractive Manufacturing Processes for Inconel 625,” Sustainable Materials
and Technologies, vol. 35, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[43] Laukik P. Raut, R.V. Taiwade, and Ankit Agarwal, “Investigation of Microstructural and Corrosion Behavior of 316LSi Structure
Developed by Wire Arc Additive Manufacturing,” Materials Today Communications, vol. 35, 2023. [CrossRef] [Google Scholar]
[Publisher Link]

[44] Rajat B. Wakode, Laukik P. Raut, and Pravin Talmale, “Overview on Kanban Methodology and Its Implementation,” 1JSRD-
International Journal for Scientific Research & Development, vol. 3, no. 2, pp. 2518-2521, 2015. [Google Scholar] [Publisher Link]

[45] Shailesh S. Pachbhai, and Laukik P. Raut, “A Review on Design of Fixtures,” International Journal of Engineering Research and
General Science, vol. 2, no. 2, pp. 126146, 2014. [Google Scholar] [Publisher Link]

[46] L.J. Fuetal., “Surface Modifications of Electrode Materials for Lithium Ion Batteries,” Solid State Sciences, vol. 8, no. 2, pp. 113-128,
2006. [CrossRef] [Google Scholar] [Publisher Link]

[47] Peter Fonda et al., “A Fundamental Study on Ti—6Al-4V’s Thermal and Electrical Properties and their Relation to EDM Productivity,”
Journal of Materials Processing Technology, vol. 202, no. 1-3, pp. 583-589, 2008. [CrossRef] [Google Scholar] [Publisher Link]

[48] Naveen Beri et al., “Technological Advancement in Electrical Discharge Machining with Powder Metallurgy Processed Electrodes: A
Review,” Materials and Manufacturing Processes, vol. 25, no. 10, pp. 1186-1197, 2010. [CrossRef] [Google Scholar] [Publisher Link]

[49] Weiping Chen et al., “Optimization of Printing Parameters to Achieve High-Density 316L Stainless Steel Manufactured by Binder Jet
3D Printing,” Journal of Materials Engineering and Performance, vol. 32, no. 8, pp. 3602-3616, 2023. [CrossRef] [Google Scholar]
[Publisher Link]

[50] M. Goud, A.K. Sharma, and C. Jawalkar, “A Review on Material Removal Mechanism in Electrochemical Discharge Machining
(ECDM) and Possibilities to Enhance the Material Removal Rate,” Precision Engineering, vol. 45, pp. 1-17, 2016. [CrossRef] [Google
Scholar] [Publisher Link]

[51] Siddhartha Kar, and Promod Kumar Patowari, “Electrode Wear Phenomenon and its Compensation in Micro Electrical Discharge
Milling: A Review,” Materials and Manufacturing Processes, vol. 33, no. 14, pp. 1491-1517, 2018. [CrossRef] [Google Scholar]
[Publisher Link]

[52] P.S. Bains, S.S. Sidhu, and H.S. Payal, “Fabrication and Machining of Metal Matrix Composites: A Review,” Materials and
Manufacturing Processes, vol. 31, no. 5, pp. 553-573, 2016. [CrossRef] [Google Scholar] [Publisher Link]

24


https://doi.org/10.1016/j.cirp.2020.05.010
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Broaching%3A+Cutting+tools+and+machine+tools+for+manufacturing+high+quality+features+in+components%2C&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0007850620301438
https://doi.org/10.1007/s11665-021-05871-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Wire+Arc+Additive+Manufacturing%3A+A+Comprehensive+Review+and+Research+Directions&btnG=
https://link.springer.com/article/10.1007/s11665-021-05871-5
https://doi.org/10.1007/s00170-021-08302-w
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+effects+of+cutting+parameters+on+surface+quality+and+hardness+in+the+wire-EDM+process%2C%E2%80%9D&btnG=
https://link.springer.com/article/10.1007/s00170-021-08302-w
https://link.springer.com/article/10.1007/s00170-021-08302-w
https://doi.org/10.1007/978-981-16-0182-8_15
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Influence+of+WEDM+parameters+for+estimating+the+surface+integrity+of+laser+additive+manufactured+hybrid+material&btnG=
https://link.springer.com/chapter/10.1007/978-981-16-0182-8_15
https://doi.org/10.1177/0954405412460354
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=High-performance+wire+electrodes+for+wire+electrical-discharge+machining%E2%80%93a+review&btnG=
https://journals.sagepub.com/doi/abs/10.1177/0954405412460354
https://doi.org/10.1016/j.jmatprotec.2004.04.373
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+study+on+kerf+and+material+removal+rate+in+wire+electrical+discharge+machining+based+on+Taguchi+method%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0924013604007496
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Review+of+wire-cut+EDM+process+on+titanium+alloy&btnG=
https://www.ijera.com/pages/v4-no12.html
https://doi.org/10.1007/s00170-011-3833-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Multi-objective+parametric+optimization+on+machining+with+wire+electric+discharge+machining%2C%E2%80%9D+&btnG=
https://link.springer.com/article/10.1007/s00170-011-3833-1
https://link.springer.com/article/10.1007/s00170-011-3833-1
https://doi.org/10.1088/0960-1317/15/2/001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Development+of+a+high+precision+tabletop+versatile+CNC+wire-EDM+for+making+intricate+micro+parts%2C%E2%80%9D+&btnG=
https://iopscience.iop.org/article/10.1088/0960-1317/15/2/001/meta
https://doi.org/10.1051/mfreview/2018015
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+review+on+optimization+of+machining+performances+and+recent+developments+in+electro+discharge+machining&btnG=
https://mfr.edp-open.org/articles/mfreview/full_html/2019/01/mfreview180009/mfreview180009.html
https://doi.org/10.1016/j.aei.2024.102468
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Assessing+the+performance+of+state-of-the-art+machine+learning+algorithms+for+predicting+electro-erosion+wear+in+cryogenic+treated+electrodes+of+mold+steels%2C&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1474034624001162
https://doi.org/10.1016/j.susmat.2023.e00580
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Sustainability+analysis+of+additive%2B+subtractive+manufacturing+processes+for+Inconel+625&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2214993723000155
https://doi.org/10.1016/j.mtcomm.2023.105596
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+microstructural+and+corrosion+behavior+of+316LSi+structure+developed+by+wire+arc+additive+manufacturing&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2352492823002866
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Overview+on+kanban+methodology+and+its+implementation&btnG=
https://www.ijsrd.com/Article.php?manuscript=IJSRDV3I2771
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+review+on+design+of+fixtures&btnG=
http://ijergs.org.managewebsiteportal.com/files/documents/A-Review-on-Design-13.pdf
https://doi.org/10.1016/j.solidstatesciences.2005.10.019
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Surface+modifications+of+electrode+materials+for+lithium+ion+batteries&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1293255805002852
https://doi.org/10.1016/j.jmatprotec.2007.09.060
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+fundamental+study+on+Ti%E2%80%936Al%E2%80%934V%E2%80%99s+thermal+and+electrical+properties+and+their+relation+to+EDM+productivity&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S092401360700917X
https://doi.org/10.1080/10426914.2010.512647
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Technological+advancement+in+electrical+discharge+machining+with+powder+metallurgy+processed+electrodes%3A+a+review&btnG=
https://www.tandfonline.com/doi/abs/10.1080/10426914.2010.512647
https://doi.org/10.1007/s11665-022-07368-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization+of+printing+parameters+to+achieve+high-density+316L+stainless+steel+manufactured+by+binder+jet+3D+printing&btnG=
https://link.springer.com/article/10.1007/s11665-022-07368-1
https://doi.org/10.1016/j.precisioneng.2016.01.007
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+review+on+material+removal+mechanism+in+electrochemical+discharge+machining+%28ECDM%29+and+possibilities+to+enhance+the+material+removal+rate&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+review+on+material+removal+mechanism+in+electrochemical+discharge+machining+%28ECDM%29+and+possibilities+to+enhance+the+material+removal+rate&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S014163591600009X
https://doi.org/10.1080/10426914.2018.1453144
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Electrode+wear+phenomenon+and+its+compensation+in+micro+electrical+discharge+milling%3A+a+review&btnG=
https://www.tandfonline.com/doi/abs/10.1080/10426914.2018.1453144
https://doi.org/10.1080/10426914.2015.1025976
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fabrication+and+machining+of+metal+matrix+composites%3A+a+review&btnG=
https://www.tandfonline.com/doi/abs/10.1080/10426914.2015.1025976

N.J. Shirbhate et al. / IIME, 11(9), 11-27, 2024

[53] L. Mahipal Reddy et al., “Estimation of Electrical Conductivity of ABS and PLA Based EDM Electrode Fabricated by Using FDM 3D-
Printing Process,” International Journal of Modern Engineering and Research Technology, vol. 5, pp. 332-338, 2018. [Google Scholar]
[Publisher Link]

[54] Jayant Karajagikar, and Savan Fefar, “Study and Analysis of Metallized Electrode Fabricated with FDM Rapid Prototyping Technique
for Electro Discharge Machining (EDM),” 5" International & 26" All India Manufacturing Technology, Design and Research
Conference (AIMTDR 2014), IT Guwahati, Assam, India, 2014. [Google Scholar]

[55] Azhar Equbal, Md. Israr Equbal, and Anoop Kumar Sood, “An Investigation on the Feasibility of Fused Deposition Modelling Process
in EDM Electrode Manufacturing,” CIRP Journal of Manufacturing Science and Technology, vol. 26, pp. 10-25, 2019. [CrossRef]
[Google Scholar] [Publisher Link]

[56] Pravin Pawar et al., “Experimental Study of Electroless Copper Coated on Abs Material Used for Tooling in EDM Machining Process,”
Journal of Production Engineering, vol. 19, no. 2, pp. 27-32, 2016. [Google Scholar] [Publisher Link]

[57] John Kechagias et al., “EDM Electrode Manufacture Using Rapid Tooling: A Review,” Journal of Materials Science, vol. 43, pp. 2522—
2535, 2008. [CrossRef] [Google Scholar] [Publisher Link]

[58] Saroj Kumar Padhi et al., “Performance Analysis of a Thick Copper-Electroplated FDM ABS Plastic Rapid Tool EDM Electrode,”
Advances in Manufacturing, vol. 6, no. 4, pp. 442456, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[59] Alan Arthur, Phillip Michael Dickens, and Richard Charles Cobb, “Using Rapid Prototyping to Produce Electrical Discharge Machining
Electrodes,” Rapid Prototyping Journal, vol. 2, no. 1, pp. 4-12, 1996. [CrossRef] [Google Scholar] [Publisher Link]

[60] Ujwal A. Danade, Shrikant D. Londhe, and Rajesh M. Metkar, “Machining Performance of 3D-Printed ABS Electrode Coated with
Copper in EDM,” Rapid Prototyping Journal, vol. 25, no. 7, pp. 1224-1231, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[61] Holger Diirr, Rolf Pilz, and Nuri Saad Eleser, “Rapid Tooling of EDM Electrodes by Means of Selective Laser Sintering,” Computers
in Industry, vol. 39, no. 1, pp. 35-45, 1999. [CrossRef] [Google Scholar] [Publisher Link]

[62] L. Mahipal Reddy et al., “Estimation of Electrical Conductivity of ABS and PLA Based EDM Electrode Fabricated By Using FDM
3D,” International Journal of Modern Engineering and Research Technology, vol. 5, pp. 332-338, 2018. [Google Scholar] [Publisher
Link]

[63] Jianfeng Zhao et al., “Analysis of the Wear Characteristics of an EDM Electrode made by Selective Laser Sintering,” Journal of
Materials Processing Technology, vol. 138, no. 1-3, pp. 475-478, 2003 . [CrossRef] [Google Scholar] [Publisher Link]

[64] Ayanesh Y. Joshia, and Anand Y. Joshib, “A Systematic Review on Powder Mixed Electrical Discharge Machining,” Heliyon, vol. 5,
no. 12, pp. 1-12, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[65] Deobrat Akhouri, Dipabrata Banerjee, and Swayam Bikash Mishra, “A Review Report on the Plating Process of Fused Deposition
Modelling (FDM) Built Parts,” Materials Today: Proceedings, vol. 26, pp. 2140-2142, 2019. [CrossRef] [Google Scholar] [Publisher
Link]

[66] Yijun Li et al., “Toward Balanced Piezoelectric and Mechanical Performance: 3D Printed Polyvinylidene Fluoride/Carbon Nanotube
Energy Harvester with Hierarchical Structure,” Industrial & Engineering Chemistry Research, vol. 61, no. 35, pp. 13063-13071, 2022.
[CrossRef] [Google Scholar] [Publisher Link]

[67] Abhinav Sarma, and Rajeev Srivastava, “Prospects of Additive Manufacturing Technology in Mass Customization of Automotive Parts:
A Case Study,” Journal of the Institution of Engineers (India): Series C, vol. 105, pp. 1-16, 2024. [CrossRef] [Google Scholar]
[Publisher Link]

[68] Charul Chadha et al., “Repair of High-Value Plastic Components Using Fused Deposition Modeling,” 2019 International Solid Freeform
Fabrication Symposium, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[69] Michael P. Francis et al., “Additive Manufacturing for Biofabricated Medical Device Applications,” Additive Manufacturing, pp. 311-
344, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[70] Azhar Equbal, Nitesh Kumar Dixit, and Anoop Kumar Sood, “Rapid Prototyping Application in Manufacturing of EDM Electrode,”
International Journal of Scientific & Engineering Research, vol. 4, no. 8, 2013. [Google Scholar] [Publisher Link]

[71] Mohamed T. Kamar et al., “A Critical Review of State-0f-the-Art Technologies for Electroplating Wastewater Treatment,” International
Journal of Environmental Analytical Chemistry, pp. 1-34, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[72] B. Ramesh Babu, S. Udaya Bhanu, and K. Seeni Meera, “Waste Minimization in Electroplating Industries: A Review,” Journal of
Environmental Science and Health Part C, vol. 27, no. 3, pp. 155-177, 2009. [CrossRef] [Google Scholar] [Publisher Link]

[73] Swapan K. Bhattacharya, and Rao R. Tummala, “Next Generation Integral Passives: Materials, Processes, and Integration of Resistors
and Capacitors on PWB Substrates,” Journal of Materials Science: Materials in Electronics, vol. 11, pp. 253-268, 2000. [CrossRef]
[Google Scholar] [Publisher Link]

[74] Mona Faraji Niri et al., “The Impact of Calendering Process Variables on the Impedance and Capacity Fade of Lithium-Ion Cells: An
Explainable Machine Learning Approach,” Energy Technology, vol. 10, no. 12, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[75] Vicky MeiWen Huang et al., “Local Electrochemical Impedance Spectroscopy: A Review and Some Recent Developments,”
Electrochimica Acta, vol. 56, no. 23, pp. 8048-8057, 2011. [CrossRef] [Google Scholar] [Publisher Link]

25


https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Estimation+of+electrical+conductivity+of+ABS+and+PLA+based+EDM+electrode+fabricated+by+using+FDM+3D-Printing+process&btnG=
http://www.ijmert.org/Publications/JMERT-SPC-P227.pdf
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Study+and+Analysis+of+Metallized+electrode+fabricated+with+FDM+Rapid+Prototyping+technique+for+Electro+discharge+machining+%28EDM%29.+&btnG=
https://doi.org/10.1016/j.cirpj.2019.07.001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=An+investigation+on+the+feasibility+of+fused+deposition+modelling+process+in+EDM+electrode+manufacturing%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1755581719300306
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=EXPERIMENTAL+STUDY+OF+ELECTROLESS+COPPER+COATED+ON+ABS+MATERIAL+USED+FOR+TOOLING+IN+EDM+MACHINING+PROCESS%2C&btnG=
https://jpe.ftn.uns.ac.rs/index.php/jpe/issue/view/186/133
https://doi.org/10.1007/s10853-008-2453-0
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=EDM+electrode+manufacture+using+rapid+tooling%3A+A+review&btnG=
https://link.springer.com/article/10.1007/s10853-008-2453-0
https://doi.org/10.1007/s40436-018-0238-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Performance+analysis+of+a+thick+copper-electroplated+FDM+ABS+plastic+rapid+tool+EDM+electrode&btnG=
https://link.springer.com/article/10.1007/s40436-018-0238-5
https://doi.org/10.1108/13552549610109036
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Using+rapid+prototyping+to+produce+electrical+discharge+machining+electrodes&btnG=
https://www.emerald.com/insight/content/doi/10.1108/13552549610109036/full/html
https://doi.org/10.1108/RPJ-11-2018-0297
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Machining+performance+of+3D-printed+ABS+electrode+coated+with+copper+in+EDM%2C%E2%80%9D&btnG=
https://www.emerald.com/insight/content/doi/10.1108/RPJ-11-2018-0297/full/html
https://doi.org/10.1016/S0166-3615(98)00123-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Rapid+tooling+of+EDM+electrodes+by+means+of+selective+laser+sintering&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0166361598001237
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Estimation+of+Electrical+Conductivity+of+ABS+and+PLA+Based+EDM+Electrode+Fabricated+By+Using+FDM+3D&btnG=
http://www.ijmert.org/Publications/JMERT-SPC-P227.pdf
http://www.ijmert.org/Publications/JMERT-SPC-P227.pdf
https://doi.org/10.1016/S0924-0136(03)00122-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Analysis+of+the+wear+characteristics+of+an+EDM+electrode+made+by+selective+laser+sintering%2C&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0924013603001225
https://doi.org/10.1016/j.heliyon.2019.e02963
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+systematic+review+on+powder+mixed+electrical+discharge+machining%2C&btnG=
https://www.cell.com/heliyon/fulltext/S2405-8440(19)36622-8
https://doi.org/10.1016/j.matpr.2020.02.461
https://scholar.google.com/scholar?q=A+review+report+on+the+plating+process+of+fused+deposition+modelling+(FDM)+built+parts,&hl=en&as_sdt=0,5
https://www.sciencedirect.com/science/article/abs/pii/S2214785320312165
https://www.sciencedirect.com/science/article/abs/pii/S2214785320312165
https://doi.org/10.1021/acs.iecr.2c01832
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Toward+Balanced+Piezoelectric+and+Mechanical+Performance%3A+3D+Printed+Polyvinylidene+Fluoride%2FCarbon+Nanotube+Energy+Harvester+with+Hierarchical+Structure&btnG=
https://pubs.acs.org/doi/10.1021/acs.iecr.2c01832
https://doi.org/10.1007/s40032-024-01029-z
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Prospects+of+Additive+Manufacturing+Technology+in+Mass+Customization+of+Automotive+Parts%3A+A+Case+Study&btnG=
https://link.springer.com/article/10.1007/s40032-024-01029-z
http://dx.doi.org/10.26153/tsw/17394
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Repair+of+high-value+plastic+components+using+fused+deposition+modeling&btnG=
https://repositories.lib.utexas.edu/items/ec4b73a9-6886-49c0-b149-6f304256df9c
https://doi.org/10.1016/B978-0-12-812155-9.00009-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Additive+manufacturing+for+biofabricated+medical+device+applications&btnG=
https://www.sciencedirect.com/science/article/abs/pii/B9780128121559000098
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Rapid+prototyping+Application+in+manufacturing+of+EDM+Electrode&btnG=
https://www.ijser.org/researchpaper/Rapid-prototyping-Application-in-manufacturing-of-EDM-Electrode.pdf
https://doi.org/10.1080/03067319.2022.2098486
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+critical+review+of+state-of-the-art+technologies+for+electroplating+wastewater+treatment%2C&btnG=
https://www.tandfonline.com/doi/abs/10.1080/03067319.2022.2098486
https://doi.org/10.1080/10590500903124158
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Waste+minimization+in+electroplating+industries%3A+a+review&btnG=
https://www.tandfonline.com/doi/abs/10.1080/10590500903124158
https://doi.org/10.1023/A:1008913403211
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Next+generation+integral+passives%3A+materials%2C+processes%2C+and+integration+of+resistors+and+capacitors+on+PWB+substrates&btnG=
https://link.springer.com/article/10.1023/A:1008913403211
https://doi.org/10.1002/ente.202200893
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+Impact+of+Calendering+Process+Variables+on+the+Impedance+and+Capacity+Fade+of+Lithium%E2%80%90Ion+Cells%3A+An+Explainable+Machine+Learning+Approach&btnG=
https://onlinelibrary.wiley.com/doi/full/10.1002/ente.202200893
https://doi.org/10.1016/j.electacta.2011.03.018
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Local+electrochemical+impedance+spectroscopy%3A+A+review+and+some+recent+developments%2C&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0013468611003793

N.J. Shirbhate et al. / IIME, 11(9), 11-27, 2024

[76] B. Navinsek, P. Panjan, and I. Milosev, “PVD Coatings as an Environmentally Clean Alternative to Electroplating and Electroless
Processes,” Surface and Coatings Technology, vol. 116, pp. 476-487, 1999. [CrossRef] [Google Scholar] [Publisher Link]

[77] Wenzheng Zhai et al., “Recent Progress on Wear-Resistant Materials: Designs, Properties, and Applications,” Advanced Science, vol.
8, no. 11, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[78] Alenka Ojstrseket al., “Metallisation of Textiles and Protection of Conductive Layers: An Overview of Application Techniques,”
Sensors, vol. 21, no. 10, pp. 1-28, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[79]1 Ankit Kumar et al., Modern Coating Processes and Technologies, Coating Materials, Springer, Singapore, pp. 33-80, 2023. [CrossRef]
[Google Scholar] [Publisher Link]

[80] Abhijit Biswas, “Advances in Top—Down and Bottom—Up Surface Nanofabrication: Techniques, Applications & Future Prospects,”
Advances in Colloid and Interface Science, vol. 170, no. 1-2, pp. 2-27, 2012. [CrossRef] [Google Scholar] [Publisher Link]

[81] A. Arthur, and P.M. Dickens, “The Measurement of Heat Distribution in Stereolithography Electrodes during Electro-Discharge
Machining,” International Journal of Production Research, vol. 36, no. 9, pp. 2451-2461, 1998. [CrossRef] [Google Scholar] [Publisher
Link]

[82] Laukik P. Raut, Smit B. Jaiswal, and Nitin Mohite, “Design, Development and Fabrication of Agricultural Pesticides Sprayer with
Weeder,” International Journal of Applied Research and Studies, vol. 2, no. 11, pp. 1-8, 2013. [Google Scholar]

[83] Jun Pu et al., “Electrodeposition Technologies for Li-Based Batteries: New Frontiers of Energy Storage,” Advanced Materials, vol. 32,
no. 27, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[84] A.T.K. Perera et al., “Recent Progress in Functionalized Plastic 3D Printing in Creation of Metallized Architectures,” Materials &
Design, vol. 232, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[85] L. Bonin, and V. Vitry, “Mechanical and Wear Characterization of Electroless Nickel Mono and Bilayers and High Boron-Mid
Phosphorus Electroless Nickel Duplex Coatings,” Surface and Coatings Technology, vol. 307, pp. 957-962, 2016. [CrossRef] [Google
Scholar] [Publisher Link]

[86] Sanjib Kundu, Suman Kalyan Das, and Prasanta Sahoo, “Tribological Behavior of Autocatalytic Ni—-P—-B Coatings at Elevated
Temperatures,” Applied Physics A, vol. 125, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[87] Farid Hanna, Z. Abdel Hamid, and A. Abdel Aal, “Controlling Factors Affecting the Stability and Rate of Electroless Copper Plating,”
Materials Letters, vol. 58, no. 1-2, pp. 104-109, 2004. [CrossRef] [Google Scholar] [Publisher Link]

[88] Charlie Kerr, Des Barker, and Frank Walsh, “Electroless Deposition of Metals,” Transactions of the IMF, vol. 79, no. 1, pp. 4146,
2001. [CrossRef] [Google Scholar] [Publisher Link]

[89] Swaroop Gharde, and Balasubramanian Kandasubramanian, “The Importance of Electroless Metallic Build-Up on Surface Modified
Substrates for Multifunctional Engineering Applications: A Recent Progress Update,” Transactions of the Indian Institute of Metals,
vol. 71, pp. 2873-2892, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[90] Yutaka Okinaka, and Tetsuya Osaka, “Electroless Deposition Processes: Fundamentals and Applications,” Advances in Electrochemical
Science and Engineering, vol. 3, pp. 55-116, 1993. [CrossRef] [Google Scholar] [Publisher Link]

[91] Cao Guan, and John Wang, “Recent Development of Advanced Electrode Materials by Atomic Layer Deposition for Electrochemical
Energy Storage,” Advanced Science, vol. 3, no. 10, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[92] A. Matthews, “Titanium Nitride PVD Coating Technology,” Surface Engineering, vol. 1, no. 2, pp. 93-104, 1985. [CrossRef] [Google
Scholar] [Publisher Link]

[93] T. Glechner et al., “High Temperature Oxidation Resistance of Physical Vapor Deposited Hf-Si-B2+z Thin Films,” Corrosion Science,
vol. 205, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[94] Bryan J. Harder, and Dongming Zhu, “Plasma Spray-Physical Vapor Deposition (PS-PVD) of Ceramics for Protective Coatings,” 35"
International Conference and Exposition on Advanced Ceramics and Composites, 2011. [Google Scholar] [Publisher Link]

[95] Romeo Bandinelli, Virginia Fani, and Bianca Bindi, “Electroplating and PVD Finishing Technologies in the Fashion Industry:
Perspectives and Scenarios,” Sustainability, vol. 13, no. 8, pp. 1-11, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[96] Muhammad A. Butt, “Thin-Film Coating Methods: A Successful Marriage of High-Quality and Cost-Effectiveness—A Brief
Exploration,” Coatings, vol. 12, no. 8, pp. 1-22, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[97] Minghui Wang et al., “CVD Polymers for Devices and Device Fabrication,” Advanced Materials, vol. 29, no. 11, 2016. [CrossRef]
[Google Scholar] [Publisher Link]

[98] Vancha Harish et al., “Cutting-Edge Advances in Tailoring Size, Shape, and Functionality of Nanoparticles and Nanostructures: A
Review,” Journal of the Taiwan Institute of Chemical Engineers, vol. 149, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[99] G. Alan Sibu et al., “Manifestation on the Choice of a Suitable Combination of MIS for Proficient Schottky Diodes for Optoelectronics
Applications: A Comprehensive Review,” Nano Energy, vol. 125, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[L00]Hardeep Singh, Jujhar Singh, and Santosh Kumar, “Effect of Processing Conditions and Electrode Materials on the Surface Roughness
of EDM-Processed Hybrid Metal Matrix Composites,” International Journal of Lightweight Materials and Manufacture, vol. 7, no. 3,
pp. 480-493, 2024. [CrossRef] [Google Scholar] [Publisher Link]

26


https://doi.org/10.1016/S0257-8972(99)00145-0
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=PVD+coatings+as+an+environmentally+clean+alternative+to+electroplating+and+electroless+processes%2C&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0257897299001450
https://doi.org/10.1002/advs.202003739
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Recent+progress+on+wear%E2%80%90resistant+materials%3A+designs%2C+properties%2C+and+applications%2C%E2%80%9D+&btnG=
https://onlinelibrary.wiley.com/doi/full/10.1002/advs.202003739
https://doi.org/10.3390/s21103508
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Metallisation+of+textiles+and+protection+of+conductive+layers%3A+an+overview+of+application+techniques%2C%E2%80%9D+&btnG=
https://www.mdpi.com/1424-8220/21/10/3508
https://doi.org/10.1007/978-981-99-3549-9_3
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Modern+Coating+Processes+and+Technologies&btnG=
https://link.springer.com/chapter/10.1007/978-981-99-3549-9_3
https://doi.org/10.1016/j.cis.2011.11.001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Advances+in+top%E2%80%93down+and+bottom%E2%80%93up+surface+nanofabrication%3A+Techniques%2C+applications+%26+future+prospects&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0001868611001904
https://doi.org/10.1080/002075498192625
https://scholar.google.com/scholar?q=The+measurement+of+heat+distribution+in+stereolithography+electrodes+during+electro-discharge+machining,&hl=en&as_sdt=0,5
https://www.tandfonline.com/doi/abs/10.1080/002075498192625
https://www.tandfonline.com/doi/abs/10.1080/002075498192625
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design%2C+development+and+fabrication+of+agricultural+pesticides+sprayer+with+weeder%2C&btnG=
https://doi.org/10.1002/adma.201903808
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Electrodeposition+Technologies+for+Li%E2%80%90Based+Batteries%3A+New+Frontiers+of+Energy+Storage&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201903808
https://doi.org/10.1016/j.matdes.2023.112044
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Recent+progress+in+functionalized+plastic+3D+printing+in+creation+of+metallized+architectures%2C&btnG=
https://www.sciencedirect.com/science/article/pii/S0264127523004598
https://doi.org/10.1016/j.surfcoat.2016.10.021
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mechanical+and+wear+characterization+of+electroless+nickel+mono+and+bilayers+and+high+boron-mid+phosphorus+electroless+nickel+duplex+coatings&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mechanical+and+wear+characterization+of+electroless+nickel+mono+and+bilayers+and+high+boron-mid+phosphorus+electroless+nickel+duplex+coatings&btnG=
https://www.sciencedirect.com/science/article/pii/S0257897216310143
https://doi.org/10.1007/s00339-019-2816-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Tribological+behavior+of+autocatalytic+Ni%E2%80%93P%E2%80%93B+coatings+at+elevated+temperatures&btnG=
https://link.springer.com/article/10.1007/s00339-019-2816-1
https://doi.org/10.1016/S0167-577X(03)00424-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Controlling+factors+affecting+the+stability+and+rate+of+electroless+copper+plating&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0167577X03004245
https://doi.org/10.1080/00202967.2001.11871359
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Electroless+deposition+of+metals&btnG=
https://www.tandfonline.com/doi/pdf/10.1080/00202967.2001.11871359
https://doi.org/10.1007/s12666-018-1397-6
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+importance+of+electroless+metallic+build-up+on+surface+modified+substrates+for+multifunctional+engineering+applications%3A+a+recent+progress+update&btnG=
https://link.springer.com/article/10.1007/s12666-018-1397-6
https://doi.org/10.1002/9783527616770.ch2
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Electroless+deposition+processes%3A+fundamentals+and+applications&btnG=
https://onlinelibrary.wiley.com/doi/10.1002/9783527616770.ch2
https://doi.org/10.1002/advs.201500405
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Recent+development+of+advanced+electrode+materials+by+atomic+layer+deposition+for+electrochemical+energy+storage&btnG=
https://onlinelibrary.wiley.com/doi/full/10.1002/advs.201500405
https://doi.org/10.1179/sur.1985.1.2.93
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Titanium+nitride+PVD+coating+technology&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Titanium+nitride+PVD+coating+technology&btnG=
https://www.tandfonline.com/doi/abs/10.1179/sur.1985.1.2.93
https://doi.org/10.1016/j.corsci.2022.110413
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=High+temperature+oxidation+resistance+of+physical+vapor+deposited+Hf-Si-B2%C2%B1z+thin+films&btnG=
https://www.sciencedirect.com/science/article/pii/S0010938X22003316
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Plasma+spray-physical+vapor+deposition+%28PS-PVD%29+of+ceramics+for+protective+coatings&btnG=
https://ntrs.nasa.gov/citations/20110008752
https://doi.org/10.3390/su13084453
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Electroplating+and+pvd+finishing+technologies+in+the+fashion+industry%3A+Perspectives+and+scenarios&btnG=
https://www.mdpi.com/2071-1050/13/8/4453
https://doi.org/10.3390/coatings12081115
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Thin-film+coating+methods%3A+A+successful+marriage+of+high-quality+and+cost-effectiveness%E2%80%94A+brief+exploration&btnG=
https://www.mdpi.com/2079-6412/12/8/1115
https://doi.org/10.1002/adma.201604606
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=CVD+polymers+for+devices+and+device+fabrication&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201604606
https://doi.org/10.1016/j.jtice.2023.105010
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%E2%80%9CCutting-edge+advances+in+tailoring+size%2C+shape%2C+and+functionality+of+nanoparticles+and+nanostructures%3A+A+review%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1876107023003395
https://doi.org/10.1016/j.nanoen.2024.109534
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Manifestation+on+the+choice+of+a+suitable+combination+of+MIS+for+proficient+Schottky+diodes+for+optoelectronics+applications%3A+A+comprehensive+review&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2211285524002829
https://doi.org/10.1016/j.ijlmm.2023.12.001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+processing+conditions+and+electrode+materials+on+the+surface+roughness+of+EDM-processed+hybrid+metal+matrix+composites&btnG=
https://www.sciencedirect.com/science/article/pii/S2588840423000719

N.J. Shirbhate et al. / IIME, 11(9), 11-27, 2024

[101]Danming Wei, “Design, Evaluation, and Control of Nexus: A Multiscale Additive Manufacturing Platform with Integrated 3D Printing
and Robotic Assembly,” Electronic Theses and Dissertations, University of Louisville, 2022. [CrossRef] [Google Scholar] [Publisher
Link]

[102]Shuzhi Xu et al., “Topology Optimization for FDM Parts Considering the Hybrid Deposition Path Pattern,” Micromachines, vol. 11, no.
8, pp. 1-22, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[103]Shrutika Sharma, Vishal Gupta, and Deepa Mudgal, “Current Trends, Applications, and Challenges of Coatings on Additive
Manufacturing Based Biopolymers: A State of Art Review,” Polymer Composites, vol. 43, no. 10, pp. 6749-6781, 2022. [CrossRef]
[Google Scholar] [Publisher Link]

[104]Saumya Darsan Mohanty, Ramesh Chandra Mohanty, and Siba Sankar Mahapatra, “Study on Performance of EDM Electrodes Produced
through Rapid Tooling Route,” Journal of Advanced Manufacturing Systems, vol. 16, no. 4, pp. 357-374, 2017. [CrossRef] [Google
Scholar] [Publisher Link]

[105]Daniel Martinez-Marquez et al., “Determining the Relative Importance of Titania Nanotubes Characteristics on Bone Implant Surface
Performance: A Quality by Design Study with a Fuzzy Approach,” Materials Science and Engineering: C, vol. 114, 2020. [CrossRef]
[Google Scholar] [Publisher Link]

27


https://doi.org/10.18297/etd/3997
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design%2C+evaluation%2C+and+control+of+nexus%3A+a+multiscale+additive+manufacturing+platform+with+integrated+3D+printing+and+robotic+assembly&btnG=
https://ir.library.louisville.edu/etd/3997/
https://ir.library.louisville.edu/etd/3997/
https://doi.org/10.3390/mi11080709
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Topology+optimization+for+FDM+parts+considering+the+hybrid+deposition+path+pattern&btnG=
https://www.mdpi.com/2072-666X/11/8/709
https://doi.org/10.1002/pc.26809
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Current+trends%2C+applications%2C+and+challenges+of+coatings+on+additive+manufacturing+based+biopolymers%3A+A+state+of+art+review%2C%E2%80%9D+&btnG=
https://4spepublications.onlinelibrary.wiley.com/doi/abs/10.1002/pc.26809
https://doi.org/10.1142/S0219686717500214
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Study+on+performance+of+EDM+electrodes+produced+through+rapid+tooling+route&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Study+on+performance+of+EDM+electrodes+produced+through+rapid+tooling+route&btnG=
https://www.worldscientific.com/doi/abs/10.1142/S0219686717500214
https://doi.org/10.1016/j.msec.2020.110995
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Determining+the+relative+importance+of+titania+nanotubes+characteristics+on+bone+implant+surface+performance%3A+A+quality+by+design+study+with+a+fuzzy+approach%2C&btnG=
https://www.sciencedirect.com/science/article/pii/S0928493120302976

