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ABSTRACT: The continuous evolution of advanced manufacturing processes, such as Electrical Discharge Machining (EDM)), calls
for a redefinition of quality management practices. While standardization remains a foundation for consistency and compliance, the
dynamic nature of EDM processes exposes the limitations of conventional quality frameworks. This paper explores emerging
directions in quality management by analysing the interplay between standardization and innovation within EDM environments. It
highlights the need for updated or process-specific standards, the role of digital transformation in real-time quality assurance, and the
integration of intelligent audit systems based on risk and data analytics. Furthermore, the study outlines key challenges in implementing
quality systems in EDM—such as tool wear, surface integrity, and micro-defects—and presents potential solutions involving sensor-
based monitoring and Al-driven decision support. By bridging the gap between rigid standards and adaptive innovation, this work
proposes a hybrid quality management model tailored to the unique characteristics of EDM. The findings aim to support manufacturers
in enhancing product reliability, operational efficiency, and long-term competitiveness.
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1. INTRODUCTION This paper aims to explore new directions i'n 'quality
management for EDM by critically examining the
In the context of Industry 4.0, manufacturing  interplay between standardization and innovation.
organizations ~ are undergoing a profound  The study investigates current limitations in standard
transformation driven by digitalization, precision  frameworks, the role of digital technologies in
technologies, and heightened demands for product  process audits, and emerging models for predictive,
quality and customization.[1] Among the most  real-time quality assurance. The goal is to outline a
complex and sensitive processes in advanced  pathway toward a more flexible and effective quality
manufacturing is Electrical Discharge Machining paradigm  tailored to advanced machining
(EDM), a non-traditional machining method used environments.
extensively for hard-to-machine materials and
intricate geometries. While EDM enables high-
precision results, it also introduces significant
challenges for quality assurance due to factors such
as electrode wear, thermal effects, and variability in
surface integrity. [2]

The relevance of EDM continues to grow,
particularly in  industries where precision,
repeatability, and surface integrity are non-negotiable
such as aerospace, medical device manufacturing,
and the automotive sector. [4] In these domains, EDM
is valued for its ability to produce complex features
Traditional quality management systems, largely  with tight tolerances and minimal mechanical stress
based on ISO 9001 and industry-specific frameworks  on the workpiece. However, its reliance on controlled
like IATF 16949, provide a structured approach for  electrical discharges introduces variables that are not
ensuring compliance and process control. However, easily captured or regulated through conventional
these systems often lack the granularity and quality control procedures.

adaptability needed to address the specific
characteristics of EDM processes.[3] Moreover, the
increasing complexity of modern production calls for
a shift from static quality models to more dynamic
and intelligent approaches.

Key quality-related concerns in EDM include
dimensional accuracy, surface roughness, formation
of recast layers, and the presence of microcracks or
heat-affected zones. [5] These defects, often invisible

33


https://doi.org/10.56082/annalsarscieco.2025.3.33
https://orcid.org/0000-0001-5525-8840
https://orcid.org/0000-0001-5525-8840

to traditional inspection methods, require advanced
detection techniques and continuous monitoring
during the machining process. Moreover, EDM’s
dependence on parameter optimization—such as
discharge current, pulse duration, and flushing
efficiency adds another layer of complexity to quality
assurance.

To remain competitive and ensure product
conformity, manufacturers must adopt forward-
looking quality strategies that blend structured
standardization =~ with  adaptive,  data-driven
innovation. This study positions EDM as a
benchmark case for understanding how quality
management systems must evolve to meet the
realities  of  high-precision,  high-variability
production environments.

2. THE EDM PROCESS AND QUALITY
CHALLENGE

Electrical Discharge Machining (EDM) is a
thermoelectric material removal process that operates
by generating controlled electrical discharges
between an electrode and a conductive workpiece
submerged in dielectric fluid. Material is eroded from
the workpiece surface through localized melting and
vaporization, without direct mechanical contact. This
unique characteristic allows EDM to machine
complex geometries and extremely hard materials
that would be difficult or impossible to process with
conventional tools [6].

EDM exists in several variants, including die-sinking
EDM (also known as ram EDM), wire-cut EDM, and
micro-EDM, each tailored for specific applications
[7]. Despite its advantages, the process is inherently
complex due to the stochastic nature of the
discharges, the influence of multiple parameters, and
the cumulative thermal effects that alter the
workpiece’s surface layer [8].

From a quality assurance standpoint, EDM presents
multiple challenge:

e Dimensional accuracy and repeatability:
Slight fluctuations in pulse energy or
electrode wear can lead to deviations from
target dimensions, particularly in intricate or
multi-cavity parts [9].

e Surface integrity: The formation of recast
layers, micro-cracks, and heat-affected zones
can compromise fatigue resistance and
structural performance, especially in safety-
critical components [10].

e Electrode wear and tool life: Progressive wear
of the electrode not only affects accuracy but
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also introduces variability in surface texture
and spark gap consistency [11].

e Debris removal and dielectric quality:
Inefficient flushing of eroded particles can
lead to secondary discharges, short circuits, or
unstable machining conditions, thereby
increasing the risk of defects [12].

e Parameter interdependence:  Optimizing
machining performance requires careful
balancing of interrelated factors such as pulse
duration, discharge current, duty cycle, and
electrode polarity [13].

Furthermore, traditional inspection techniques, such
as post-process dimensional checks or surface
roughness measurement, may not be sufficient to
ensure process stability in real time. As a result,
manufacturers increasingly rely on advanced
monitoring systems and in-process diagnostics to
detect deviations early and apply corrective measures
[14].

Considering these complexities, EDM serves as an
illustrative example of the limitations of static,
checklist-based quality systems. It demonstrates the
necessity for adaptive, process-aware quality
management models that integrate both preventive
and predictive control mechanisms.

One of the most critical quality indicators in EDM is
surface roughness (Ra), which is strongly affected by
discharge parameters. As shown in Figure 1,
increasing pulse duration leads to higher roughness
values, due to deeper craters formed on the material
surface. This directly impacts dimensional control
and post-processing requirements, especially in high-
precision applications [15]
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Figure 1. Relationship between pulse duration and surface
roughness in EDM. Data adapted from Marashi et al., 2022.

Different EDM methods are used depending on the
precision requirements, part geometry, and
application domain. Table 1 provides a comparative
overview of the most common EDM types. It



highlights their respective capabilities in terms of
workpiece size, achievable precision, surface finish,
and electrode material.

Table 1. Comparative characteristics of Die-sinking, Wire,

and Micro EDM
EDM Type Workpieces Size | Precizion pym
Die-sinking EDM | Medium to large |5
Wire Thin to Medium | 2
Micro EDM Very Small 1

This Figure (2) illustrates the influence of key EDM
input parameters—such as discharge current, pulse
duration, pause time, and voltage—on the resulting
surface characteristics. These include surface
roughness (Ra, Rz), recast layer thickness,
microcrack formation, electrode wear, dimensional
accuracy, and overall surface integrity. The figure
also highlights the intermediary physical processes
such as localized melting, vaporization, and material
removal via dielectric flushing.
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Figure 2. Relationship between EDM parameters and surface
quality outcomes.

2.1 Typical Defects in EDM and their Origins

Although EDM offers significant advantages in terms
of precision and material versatility, it also introduces
a range of process-specific defects that affect surface
integrity, part reliability, and long-term performance.
These defects are mainly caused by high local
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temperatures, uncontrolled discharges, inefficient
flushing, and improper parameter settings [16].

The most common defects observed in EDM
processes include:

e Recast Layer: The recast layer, also referred
to as the "white layer," is a resolidified
stratum that forms on the machined surface
because of intense localized melting and
subsequent rapid solidification. This layer is
typically non-uniform in thickness and may
contain entrapped gases, unexcelled debris,
and altered microstructural features. Its
formation is primarily governed by the energy
intensity of the spark discharge and the
cooling characteristics of the dielectric fluid.
Metallurgically, the recast layer often displays
increased brittleness, microhardness
variation, and internal tensile stresses, which
can lead to surface cracking or delamination
when subjected to mechanical loads or
thermal cycling in service conditions. These
properties are particularly concerning in
applications where structural integrity and
surface reliability are critical, such as in the
aerospace, automotive, and biomedical
sectors [17].

o Heat-Affected Zone (HAZ): The Ilayer
beneath the recast surface that has undergone
microstructural changes due to thermal input.
Although it is not molten, its properties—such
as hardness or residual stress—may differ
from the base material [18].

e Microcracks: Caused by rapid cooling and
thermal gradients, microcracks usually
originate in the recast layer and can propagate
into the HAZ. These defects significantly
reduce fatigue life and are critical in aerospace
or medical applications [19].

e Debris-Induced Pitting: If eroded particles
are not efficiently removed from the spark
gap, secondary discharges may occur. This
leads to localized pits, short circuits, or
surface instability [20].

e Taper Error and Edge Rounding: In wire
EDM processes, maintaining geometric
accuracy is a function of wire tension, feed
rate, and spark stability. Taper error occurs
when the upper and lower profiles of a
machined contour deviate, usually due to wire
deflection, vibration, or improper process
parameters. Similarly, edge rounding arises
when the wire arc radius increases beyond
design limits, often due to high discharge
energy or insufficient cooling. These
geometric deviations affect dimensional



conformity, especially in precision dies, mold
cavities, and components with sharp features
Advanced
strategies, such as adaptive wire tension
systems and multi-pass cutting, are employed

or tight tolerances.

to

control

mitigate these errors and

A simplified mapping of these defects and their origin
is provided in the table 2 below:

Table 2. Common EDM defects and their associated causes and effects [22].

Defect Primary Cause Effect on Part
Recast Layer Excessive discharge energy Altered surface composition
Heat-Affected Zone Deep thermal penetration Residual stress, microhardness
Microcracks Rapid cooling after discharge Reduced fatigue resistance
Debris Pitting Inefficient flushing Local surface defects
Taper/Edge Rounding Wire vibration or deflection Loss of geometric accuracy

ensure
conformance to CAD specifications [21].

Understanding these defects is essential for setting up
effective quality control systems. While visual
inspection or surface roughness measurements can
detect some surface anomalies, advanced techniques
such as scanning electron microscopy (SEM), X-ray
diffraction, or non-destructive evaluation (NDE)
methods are required for accurate diagnosis [23].

EDM is widely used in applications requiring high-
precision machining of hard or thermally sensitive
materials. The non-contact nature of EDM allows for
tight tolerances and the ability to machine complex
features with minimal mechanical stress. However,
achievable tolerances and surface quality depend on
several factors including machine type, tool wear,
material properties, and process parameters [24].
Tolerances for each EDM type are in the Table 3.

Table 3. Typical tolerances and surface finish ranges in
EDM processes [25]

EDM Type Dimensional Surface
tolerance Roughness (Ra)
Die-sinking EDM +5-10 um 0.8-3.2 um
Wire-cut EDM +2-5 um 0.3-1.6 um
Micro EDM + 1-2 pm 0.1-0.5 pm

Such tolerances make EDM suitable for injection
mold manufacturing, aerospace turbine components,
medical implants, and micromechanical parts, where
precision is essential. For micro EDM, tolerances
below £2 um are achievable when using specialized
equipment in controlled environments [26].

Common EDM-Compatible Materials:
EDM is limited to electrically conductive materials,
but within this category, it supports a wide range of
hard-to-machine and high-performance alloys,
including:

e Tool Steels (AISI D2, H13, etc.)
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e Titanium Alloys (Ti-6Al-4V)

o Nickel Alloys (Inconel 718, Hastelloy)
e Cemented Carbides

e Copper and Copper-Tungsten

e Graphite (used as electrode material)

The thermal conductivity, melting point, and
clectrical resistance of the material influence
machinability, tool wear, and surface characteristics
[27].

Additionally, = material  selection  influences
susceptibility to defects. For example, titanium is
prone to microcracking and recast layer formation,
whereas copper exhibits smoother finishes but higher
electrode wear [28]

3. STANDARDIZATION IN EDM: EXISTING
FRAMEWORKS AND CURRENT
LIMITATIONS

Despite the growing relevance of EDM in high-
precision manufacturing, the existing standardization
landscape provides only limited, non-specific
coverage of EDM-related quality requirements. The
foundation of most quality systems in manufacturing
remains the ISO 9001 framework, complemented in
the automotive industry by IATF 16949, and in
aerospace by AS9100. While these standards define
general requirements for quality assurance, risk
management, and continuous improvement, they
offer no dedicated provisions for the complexities of
EDM processes [29].

As a result, manufacturers must develop internal
procedures and best practices to define EDM-specific
quality parameters, such as spark gap control, surface
integrity validation, and electrode wear monitoring.
This leads to variability across organizations in terms
of process documentation, control plans, and audit
criteria [30]. The lack of harmonized guidelines



creates difficulties in supplier qualification, inter-
facility benchmarking, and global quality alignment.

Furthermore, conventional standards typically focus
on process stability and defect prevention, but fall
short in capturing the dynamic, thermally driven
nature of EDM. For instance, they do not address how
to validate the absence of microcracks or recast
layers, nor do they include requirements for real-time
process monitoring, pulse waveform diagnostics, or
dielectric condition tracking elements that are critical
for ensuring consistent part performance [31].

Some industry-specific efforts have attempted to
close these gaps. For example, in the aerospace and
medical sectors, certain OEMs have developed
private specifications for EDM validation, including
microstructural analysis protocols and fatigue testing
requirements [32]. However, these are rarely
standardized, publicly accessible, or adopted widely
across the supply chain.

An additional limitation lies in the static nature of
compliance audits based on ISO standards.
Traditional audits emphasize documentation,
corrective actions, and procedural conformity, but do
not assess process adaptiveness in the context of
parameter drift, tool wear, or machine instability. As
EDM evolves towards digital integration, with
sensors, real-time data logging, and Al-driven
monitoring, the gap between standard requirements
and actual best practices becomes even more evident
[33].

To support the sustainable application of EDM in
critical industries, there is an urgent need to update
quality standards or develop supplementary
guidelines that explicitly address the process-specific
risks, validation requirements, and digital audit
opportunities associated with EDM.

To bridge the current, disconnect between general
quality standards and the specific needs of EDM,
there is a growing call for These would not replace
ISO 9001 or IATF 16949, but rather supplementary
process-focused guidelines. in high-precision, high-
risk environments such as EDM operations.

Recommended enhancements include:

e Process-Specific KPIs: Introduction of key
performance indicators for EDM, such as
spark gap consistency, recast layer thickness,
electrode wear rate, and dielectric fluid
conductivity [34].

o Standardized Validation Protocols:
Development of sector-approved procedures
for verifying surface integrity, including non-

37

destructive evaluation (NDE), microstructure
analysis, and fatigue testing of EDM surfaces
[35].

e Audit Guidelines for EDM: Creating
structured audit checklists tailored to EDM
processes, incorporating both traditional
quality checks and process monitoring data
from digital tools [36].

Such additions would support consistency across the
supply chain, enhance training programs, and
simplify supplier evaluation and certification.

The absence of EDM-specific standards has tangible
consequences in both internal and external quality
control systems. One of the most evident impacts is
the reduced effectiveness of audits.

Since existing audit models (e.g., based on ISO
19011) focus heavily on documentation, conformity,
and procedural compliance, they often fail to capture:

e Process variability due to thermal effects or
electrode degradation

o Subtle quality defects like microcracks or
recast residues

e The effectiveness of real-time monitoring
tools and adaptive controls

This creates gaps in traceability and risk
management, especially in highly regulated industries
such as aerospace or medical devices [37].

Furthermore, the lack of shared standards complicates
supplier qualification, as each organization may
impose different process requirements, measurement
criteria, and inspection protocols. This not only
affects consistency but also introduces additional
administrative and technical burdens during audits
and part validation [38].

Although no global standard fully addresses EDM-
specific quality needs, several industry-led initiatives
and consortia have begun to explore solutions:

e In aerospace manufacturing, leading OEMs
have introduced internal EDM validation
protocols that include metallurgical integrity
checks, SEM-based inspection of recast
layers, and strict tolerances on microcrack
propagation [39].

e In medical device production, companies
follow customized qualification flows for
EDM-produced implants, combining surface
roughness, corrosion resistance, and material
compatibility testing [40].



e Research consortia such as CIRP (The
International Academy for Production
Engineering) and ASTM committees on
additive and non-traditional manufacturing
have proposed frameworks for standardizing
non-conventional processes, including EDM
[41].

These efforts, while promising, remain fragmented
and non-binding. A coordinated, cross-sectoral push
toward formal standardization could significantly
improve process transparency, reduce quality-related
disputes, and facilitate technology transfer across
industries.

4. INNOVATION AND DIGITAL
TRANSFORMATION IN EDM QUALITY
AUDITS

As EDM processes become more critical in high-
value  manufacturing  sectors,  conventional
approaches to quality control and auditing are no
longer sufficient. Traditional audits focus on
procedural compliance, static documentation, and
post-process inspection. However, EDM is a dynamic
and parameter-sensitive process that requires real-
time awareness, adaptive control, and data-driven
decision-making [42].

The integration of Industry 4.0 technologies into
EDM environments opens new possibilities for
improving quality management and audit efficiency.
These include:

4.1 Real-Time Monitoring and Sensor Integration

Modern EDM machines can be equipped with a range
of sensors to monitor:

o Discharge frequency and energy

e Dielectric fluid temperature and conductivity
e Electrode wear rate

o Spark gap voltage and current behavior

These sensors generate a continuous stream of data,
enabling the early detection of anomalies such as
unstable sparking, inefficient flushing, or electrode
degradation [43]. Integrating this data into audit
processes ensures transparency, traceability, and the
ability to correlate deviations with process outcomes.

4.2 Predictive Quality and Machine Learning
Applications

Machine learning (ML) algorithms are increasingly
applied to EDM quality data to identify patterns and
predict process outcomes. These systems can:

e Alert operators about process drift before a
defect occurs
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e Suggest corrective actions automatically

e Learn from historical data to
parameter selection

improve

Predictive quality systems are particularly useful in
micro EDM or high-complexity components, where
manual intervention is slow, and defect detection is
difficult [44].

4.3 Digital Audit Trails and Quality Dashboards

Digitalization enables the creation of real-time audit
trails that log all relevant process parameters and
actions. Unlike traditional paper-based checklists,
these digital logs allow auditors to:

e Track every pulse and correction made during
EDM cycles

e Visualize data via quality dashboards

e Access evidence for root cause analysis
instantly

Such tools significantly reduce audit preparation time
and improve the reliability of process evaluations,
particularly in regulated industries [45].

4.4 Challenges of Digital Integration

While the benefits of digital quality audits are clear,
their implementation presents several challenges:

e High initial investment in hardware, software,
and integration

e Compatibility issues with

equipment

legacy EDM

e Resistance to change from operators or
quality managers

e Need for skilled personnel to interpret data
and maintain systems

Overcoming these barriers requires not only
technological investment but also a cultural shift
toward  proactive quality  thinking and
interdepartmental collaboration [46].

5. PERSPECTIVES, RECOMMENDATIONS

The evolution of quality management in EDM
reflects a broader trend in advanced manufacturing:
the need to balance structured, standardized
frameworks  with  flexible, innovation-driven
practices. As demonstrated throughout this study,
traditional standards such as ISO 9001 and IATF
16949 provide a necessary baseline for consistency
and certification, but they fail to address the
complexity, parameter interdependence, and process
variability inherent to EDM operations [47].



Moving forward, a hybrid model that integrates
classical quality assurance principles with digital
tools and real-time responsiveness is essential. Such
a model would combine compliance-oriented
documentation with intelligent data analytics and
process-specific  performance indicators. The
integration of digital twins, in-process monitoring
systems, and predictive quality algorithms could
drastically improve defect prevention and audit
accuracy [48].

However, developing this approach requires
coordinated effort. Industry-wide transformation can
only be achieved through collaboration between
standardization bodies (such as ISO and ASTM),
industrial consortia (e.g., CIRP), academic research
institutions, and OEMs who lead implementation
across the supply chain. Joint initiatives aimed at
validating quality metrics, benchmarking new audit
models, and publishing EDM-specific guidelines
would support long-term harmonization and
innovation [49].

Equally important is the human and organizational
dimension. The shift toward digital, predictive quality
management in EDM will require new competencies
among engineers, operators, and quality auditors.
Companies must invest in training programs focused
on digital tools, real-time diagnostics, and data
interpretation. At the same time, a culture that
prioritizes prevention over correction and encourages
cross-functional collaboration must be cultivated.
Quality performance should become a shared
responsibility—from tool designers and process
engineers to machine operators and quality inspectors
[50].

Ultimately, the modernization of quality management
systems in EDM is not merely a technical upgrade—
it represents a strategic shift toward resilience,
competitiveness, and innovation in advanced
manufacturing.

In the automotive sector, where EDM is frequently
used for manufacturing precision Molds, fuel system
components, and transmission parts, the pressure to
meet strict dimensional tolerances and surface
integrity standards is exceptionally high. OEMs and
Tier 1 suppliers are increasingly demanding
traceability of process parameters, validation of
thermal effects, and proof of statistical process
control for EDM operations. As vehicle architectures
evolve to include more electrified and lightweight
components, the role of EDM in machining complex
geometries from difficult-to-cut alloys becomes even
more prominent. In this context, a digitally enhanced
and standards-aligned quality management system is
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not only beneficial it becomes essential for securing
supplier status and maintaining competitiveness in
global platforms.

6. CONCLUSIONS

Electrical Discharge Machining (EDM) represents a
cornerstone of advanced manufacturing, enabling the
production of highly precise and geometrically
complex components in industries such as
automotive, aerospace, and medical technology.
However, the quality management challenges
associated with EDM-—ranging from surface
integrity and dimensional control to electrode wear
and process instability—reveal the limitations of
traditional quality frameworks [51].

This paper has emphasized the need to go beyond
generalized standards such as ISO 9001 and IATF
16949 by proposing a hybrid approach that integrates
structured standardization with real-time monitoring,
predictive analytics, and process-specific validation
protocols. Through literature review, comparative
analysis, and practical insights, it has been shown that
EDM demands a more nuanced and data-informed
quality management system—one that is capable of
both documenting compliance and dynamically
responding to process variation [52].

The integration of Industry 4.0 technologies into
EDM workflows offers significant potential for
improving audit accuracy, defect prevention, and
long-term process optimization. However, the
successful adoption of digital quality tools requires
not only technological investment but also cross-
sector  collaboration,  standard  development
initiatives, and workforce reskilling [53].

In conclusion, advancing quality assurance in EDM
is not a matter of choosing between standardization
and innovation it requires harmonizing the two. By
aligning  digital transformation efforts with
standardized practices, manufacturers can ensure
product integrity, increase audit transparency, and
reinforce their competitiveness in high-value
industries such as automotive manufacturing [54].
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