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ABSTRACT: The material removal in Electro-Discharge Machining (EDM) occurs through the generation
of high temperatures caused by intense electrical discharges, leading to the melting and vaporization of the
workpiece and tool electrode. The ejected molten material solidifies in the dielectric liquid, forming debris
that can significantly affect process accuracy, efficiency, productivity, and machinability if not effectively
removed from the machining zone. The utilization of Low Frequency (LF) vibration (typically <1 kHz) to
assist debris evacuation during Micro-EDM (LEDM) and EDM processes has emerged as a feasible
solution. Moreover, the integration of powder into the dielectric medium (Powder mixed EDM, PMEDM)
along with LF vibration presents an interactive approach to further enhance process performance. Despite
its promise, the field lacks a unified understanding of LFV-EDM’s underlying mechanisms, systematic
optimization frameworks, and clear pathways for industrial integration. This paper presents a
comprehensive overview of research focusing on the influence of process parameters on key performance
indicators such as Material Removal Rate (MRR), Electrode Wear Rate (EWR), surface roughness (Ra),
and geometric accuracy in LF vibration-assisted pfEDM and EDM. Various optimization methodologies,
including statistical modeling, finite element analysis (FEA), computational fluid dynamics (CFD), and
advanced techniques like Taguchi and artificial neural networks (ANN) employed in this field are
extensively reviewed. Critical analysis of contradictory findings and material-specific responses is included.
The review concludes with identified research gaps and prioritized future directions, including hybrid
processes, advanced powder materials, and Al-driven optimization for LF- assisted htEDM and EDM
processes. This work provides researchers with a consolidated knowledge base, a critical perspective on
current limitations, and a prioritized agenda for future innovation, ultimately bridging the gap between
laboratory research and scalable industrial application.
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1. Introduction
1.1. Background and Motivation

Electrical Discharge Machining (EDM) remains a cornerstone of advanced manufacturing for its
unique ability to machine complex geometries in extremely hard, conductive materials, irrespective of their
mechanical strength [1,2]. The process relies on controlled thermoelectric erosion through rapid, repetitive
spark discharges between a tool and workpiece submerged in a dielectric fluid [3]. A voltage is applied
across the electrodes, which are separated by a small Inter Electrode Gap (IEG), typically ranging from
0.01 to 0.5 mm [4]. The application of voltage pulses causes electrical breakdown within the dielectric
liquid, caused by the acceleration of electrons emitted from the cathode towards the anode. Upon collision
with neutral atoms of the dielectric liquid, these electrons create positive ions and additional electrons,
which are subsequently directed toward the cathode and anode, respectively. Upon arrival at the surfaces
of the anode and cathode, both the electrons and the positive ions resign their kinetic energy, in the form of
heat, thus creating temperatures of about 8000 °C to 12,000 °C and a heat flux reaching up 10'7 W/m?. This
intense heat serves to melt and evaporate the electrode tool and workpiece. Fresh dielectric fluid rushes into
the machining gap, removes the debris, and quenches the surface of the workpiece. The unexpelled molten
metal solidifies to form the recast layer, while the expelled metal congeals into tiny spheres dispersed within
the dielectric fluid, along with bits from the electrode, forming the debris (Figure 1).
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Figure 1. EDM spark description [4

Micro-EDM (LEDM) is particularly suited for drilling high-aspect-ratio micro-holes in hard,
conductive materials with high precision [5—7]. The incorporation of Alumina (Al203) powder into the
dielectric fluid in utEDM can enhance effectiveness, reduce the occurrence of microcracks and microvoids,
and decreasrecast layer formation by 36.49% compared to traditional EDM oil, leading to improved
machining quality [8]. However, while tEDM is effective for replicating micro-scale features with minimal
circularity deviation, some recast layer formation near the machined holes may occur, which can vary in
thickness based on the experimental conditions [9]. However, inherent challenges such as inefficient debris
evacuation, leading to arcing, short-circuiting, and the formation of a detrimental recast layer, persistently
limit its efficiency, precision, and surface quality, especially in micro-EDM (LEDM) and deep-cavity
machining [2,10].

To overcome these limitations, auxiliary enhancement techniques have been extensively explored.
Among these, vibration assistance has proven particularly effective. Early work focused on ultrasonic
vibration (>20 kHz), leveraging cavitation effects to improve flushing [11,12]. However, the high cost and
complexity of ultrasonic systems, coupled with challenges in tool wear and limited applicability in certain
geometries, spurred interest in lower-frequency alternatives [13]. Low-frequency vibration (LFV), typically
below 1 kHz, offers a mechanically simpler solution that enhances process stability primarily through direct
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agitation of the dielectric and periodic gap modulation, effectively displacing debris without the extreme
pressures of cavitation [14,15]. Despite growing research activity, the LFV-EDM domain is characterized
by fragmented knowledge, inconsistent parameter definitions, and a lack of comprehensive mechanistic
models that can guide optimization and industrial deployment.

Adding powder particles to the dielectric fluid lowers its electrical resistance by increasing
conductivity. This, in turn, widens the discharge gap, which improves spark frequency and energy
dispersion. However, not all powders effectively widen the gap, as their electrical and thermal conductivity
and density play a major role [16]. For instance, high-density copper powder fails to improve machining in
PMEDM because it settles out and does not participate in the discharge process [17]. Various powder
additives have been studied for their effect on machining. Among these, graphite (Gr) powder has attracted
the most research interest, as shown in Figure 1 [18]. This low-density powder boosts the dielectric’s
conductivity, provides excellent lubrication, and is relatively inexpensive. Due to these superior properties
compared to other materials, graphite powder was selected for this study [19].

In the evolution of Electrical Discharge Machining (EDM), the interactive integration of powder
additives and vibration assistance has emerged as a significant advancement for enhancing machining
performance and surface integrity. Research demonstrates that combining Powder-Mixed EDM (PMEDM)
with ultrasonic vibration—applied either to the tool, workpiece, or dielectric fluid—substantially improves
material removal rates, surface quality, and process stability. For instance, the addition of ceramic or carbide
particles (e.g., SiC, TiC) to the dielectric, concurrently with vibration, facilitates the formation of a hardened,
wear-resistant layer on aluminum alloys through surface alloying and grain refinement, achieving deep
modified layers in short timeframes [20,21]. Furthermore, vibration mechanisms, as shown in Figure 2,
significantly improve debris ejection and powder-particle distribution within the spark gap, thereby
minimizing defects such as microcracks and black carbon spots. Studies report dramatic increases in
machining efficiency, with the hybrid process achieving material removal rates up to 24 times those of
conventional EDM, while producing deeper, more precise micro-features in challenging materials such as
ceramics [22]. Collectively, the literature indicates that the concurrent use of powder mixing and vibration
assistance effectively addresses key limitations of traditional EDM, offering a robust strategy for high-
performance, precision surface modification and machining [23-26].
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Figure 2. Vibration mechanism using piezoelectric actuator in uEDM [22].

1.2. Development of Vibration-Assisted EDM

This section maps the key research milestones in the evolution of Vibration-Assisted EDM, with a
particular focus on charting the distinct trajectory of Low-Frequency Vibration EDM. Vibration-assisted
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EDM, applied at both low and high ultrasonic frequencies, is a key method for improving debris evacuation.
The development of vibration-assisted EDM has evolved through distinct phases as follows.

Initial studies in the 1990s demonstrated the basic benefits of mechanical agitation on debris removal.
Early studies empirically established that vibration, primarily applied to the tool or workpiece, could
significantly improve process stability. The core benefit was attributed to enhanced debris evacuation from
the inter-electrode gap (IEG), thereby preventing harmful arcing and short-circuiting, as noted in
preliminary investigations by Kremer et al. [27], who observed improved flushing efficiency with
mechanical agitation.

The 2000s to early 2010s ensured focused research on ultrasonic-assisted EDM, establishing its
benefits for surface integrity, typically employing frequencies above 20 kHz. Important experimental work
by Jahan et al. [10] demonstrated that LFV, especially when applied to the workpiece in micro-EDM, could
drastically improve MRR and reduce Tool Wear Ratio (TWR). Prihandana et al. [15,25] furthered this
paradigm by quantifying the precise influence of frequency, amplitude, and waveform on process outcomes
in micro-EDM, establishing LFV as a potent, more controllable, and energy-efficient alternative to
ultrasonic methods for precision applications.

The last decade (2010s to present) has witnessed a paradigm shift from purely experimental studies
toward hybrid, intelligent, and fundamentally understood processes. The integration of LFV with Powder-
Mixed Dielectrics (PMD) has been systematically explored to create synergistic effects. Research by Talla
et al. [28,29] demonstrated that combining LFV with aluminum powder in the dielectric for EDM of Inconel
625 and aluminum metal matrix composites resulted in superior surface finish and higher MRR than either
technique applied individually, attributed to enhanced and more stable discharge dispersion. The
application of Computational Fluid Dynamics (CFD) has become crucial. Mullya et al. [30] conclude that
employing a slotted tool in pED-milling offers a significant and effective method for enhancing debris
evacuation. The slots in the tool generate turbulence in the dielectric flow, actively dislodging and flushing
debris particles from the inter-electrode gap (IEG). Furthermore, the slots provide physical space for debris
accumulation, preventing clogging and short circuits. Computational Fluid Dynamics (CFD) simulations
and mathematical modeling confirm that this design improves the dielectric flow-field, directly enhancing
debris trajectory and rapidly cooling particles. The efficacy of debris removal is demonstrably influenced by
operational parameters, including tool rotation, gap size, jet velocity, and the specific geometry (shape) of the
slots. This method directly addresses a fundamental limitation of stationary-tool EDM processes by
mechanically and hydraulically boosting debris evacuation, thereby mitigating secondary discharges and
short circuits to improve the material removal rate (MRR) and process stability. Complementing this,
Multiphysics Finite Element Analysis (FEA) has advanced. Marafona and Chousal [31] developed and
validated a universal thermal-electrical Finite Element Analysis (FEA) model to simulate the fundamental
physics of a single electrical discharge spark in EDM. Specifically, the model aims to predict key process
outcomes—Material Removal Rate (MRR), Tool Wear Ratio (TWR), and surface roughness—by calculating
the heat dissipation (via Joule heating) within a cylindrical plasma channel, whose radius is dynamically
defined by current and pulse duration. The adoption of Artificial Intelligence (Al), including artificial neural
networks (ANN), genetic algorithms (GA), and fuzzy logic, has enabled robust multi-objective optimization
of the multi-parametric LFV-EDM process, moving towards intelligent machining systems.

Vibration-assisted EDM was reviewed by Maity and Choubey [11] at low and ultrasonic frequencies
in various contexts. Research has shown that ultrasonic vibration significantly improves the processing
efficiency and surface quality in micro-EDM [12,32]. In the realm of die-sinking micro-EDM, it has been
observed that ultrasonic vibration yields have different effects on different materials, such as polycrystalline
diamond and pure titanium, influencing discharge waveforms, motion trajectories, and groove shapes [33].
Moreover, in microwire electrochemical discharge machining, ultrasonic vibration has been utilized to
enhance machining quality for glass microstructures by reducing gas film width and improving machining
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stability, leading to the successful creation of high-aspect ratio microstructures on brittle materials [34].
These findings collectively highlight the significant impact and potential of vibration-assisted EDM
techniques across different material types and machining processes.

1.3. Scope and Novelty

This manuscript presents the first comprehensive review that specifically targets the modeling and
application of Low-Frequency Vibration-Assisted EDM (LFV-EDM). It moves beyond a simple catalog of
results to provide a unified framework, critical synthesis, advanced modeling synthesis, and application
roadmap. While ultrasonic vibration significantly enhances process efficiency and surface quality in EDM
and micro-EDM, this paper covers the LF range (typically below 1 kHz) of vibration assisted pEDM and
EDM. LF vibration of the tool or workpiece agitates the dielectric, promoting debris removal from the
narrow [EG, reducing harmful discharges, and improving process stability. Figure 3 depicts the key factors
impacting the efficiency of low frequency assisted EDM. These encompass variables associated with
workpiece/tool properties, vibration parameters (frequencies and amplitudes), dielectric fluid conditions,
and power supply attributes. The review synthesizes findings on critical performance indicators such as
MRR, Electrode Wear Rate (EWR), surface roughness (Ra), geometric accuracy (e.g., taper, overcut), and
machining stability. It also covers modeling (CFD, FEM) and optimization strategies (Taguchi, RSM, ANN,
GA) employed in the field. Finally, this paper translates research findings into practical insights, discusses
industrial case studies and implementation barriers (cost, complexity, standardization), and proposes a
future research agenda prioritized for both academic and industrial impact.
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Figure 3. Parameters affecting the performance of LF-EDM.
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2. Low Frequency Electrical Discharge Machining

Low frequency assisted tEDM and EDM is an alternative machining method that replaces the normal
EDM without vibrations to machine complicated shapes in hard-to-cut conductive materials, particularly
in applications where debris evacuation is a limiting factor. The term “low frequency” in EDM context has
been used inconsistently, ranging from 10 Hz to several kHz. We define the Low-Frequency Vibration
(LFV) regime for EDM as 10 Hz to 1 kHz. This definition is grounded in fluid-dynamic principles. In this
range, the vibration amplitude (typically 1-20 um) results in a stroke length sufficient to create meaningful
bulk fluid displacement within the inter-electrode gap (IEG), typically 5-50 pm. This displacement is the
primary driver for convective debris flushing. Moreover, frequencies approaching or exceeding 1 kHz,
especially at small amplitudes, enter a transitional zone where cavitation may begin. Additionally, this
frequency band aligns with the practical mechanical response limits of standard EDM machine components
(tool holders, worktables) without requiring specialized ultrasonic transducers.

The periodic motion of the tool or workpiece acts as a micro-pump. During the retraction phase of the
vibration cycle, the effective IEG momentarily increases, drawing fresh dielectric into the gap. The
subsequent forward phase pressurizes the gap, expelling dielectric laden with debris particles [5,35]. A
debris-clogged gap lowers the effective dielectric strength, promoting erratic arcing and short-circuit pulses.
LF vibration’s flushing action maintains a cleaner gap environment, increasing the proportion of normal,
productive discharges [36]. Furthermore, dynamic changes in gap width modulate the electric field,
potentially preventing the stabilization of harmful arc discharges. When conductive powder (e.g., graphite,
SiC) is suspended in the dielectric, LFV plays a dual role. First, it prevents powder sedimentation,
maintaining a homogeneous mixture. Second, the agitation promotes a more uniform distribution of powder
particles within the IEG. These particles act as discrete micro-electrodes, facilitating a “series discharge”
effect where a single large discharge is broken into multiple smaller, spatially distributed discharges. This
leads to shallower, more uniform craters, reduced thermal stress, and improved surface finish [18,37].

2.1. Low Frequency Macro Electrical Discharge Machining (LF-EDM)

LF-EDM is applied to macro-scale operations such as die-sinking, slotting, grooving, and conventional
WEDM. This technique is particularly suited to creating larger-scale features and cavities, offering a balance
between substantial material removal rates and maintaining dimensional accuracy and surface integrity.

2.1.1. General Performance Enhancement

Prihandana et al. [25] concluded that the LF of vibration increased MRR by 23% and decreased both
the surface roughness and EWR when machining with a copper electrode. Nguyen et al. [38] showed that
the LF vibration (0-0.2 kHz) of SKD61 die steel had a positive effect on the efficiency of die-sinking EDM
compared to normal EDM die-sinking. The largest increase of MRR was 34.94%, the greatest reduction of
EWR was 16.0% and that of surface roughness was 26.36%. Nguyen et al. [39] experimentally found that
LF vibration (0.125-0.512 kHz) integrated into the workpiece during EDM die sinking improved the
machined surface quality and reduced finishing costs. Pulse current and vibration frequency had the
strongest influences on MRR, while pulse parameters were less influential than the vibration frequency.

Kumar et al. [40] investigated the effect of LF workpiece (AISI 1045 steel) vibration on WEDM speed
and surface roughness. Results showed that the pulse off-time was the most significant factor, followed by
the pulse on-time, and the vibration frequency, while the gap voltage was the least significant factor for the
machining speed. On the other hand, the most significant factor for D2 steel was the wire tension, followed
by wire feed and peak current, while the vibration frequency was the least significant factor. Prihandra et
al. [15] showed that the application of LF vibration can be used to increase the MRR of SS 304 and decrease
the surface roughness and the EWR of the copper electrode.
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2.1.2. Machining Advanced Materials

Uhlmann et al. [41] presented a detailed analysis of the influence of the LF-EDM on the machining of
seal slots in MAR-M247 nickel base alloy using different grades of graphite electrodes. Their results
showed that the lower amplitudes of tool vibration caused higher MRR and shorter machining time. Surface
roughness parameter, Ra, was less than 6.4 pm, and the recast layer and micro-crack length were below
102 um. They added that LF-EDM improved the flushing conditions at large machining depths, removed
the debris from the machining gap, and increased the number of active discharges, which, in turn, raised
the machining stability and MRR. Tsai et al. [42] used the LF-EDM to cut grooves in the Ti6A4V alloy
using copper, copper-tungsten, and graphite tool electrode materials. Accordingly, MRR was higher, and
the total discharge time with copper and copper-tungsten electrodes obtained with vibration-assisted EDM
at a frequency of 90 Hz was approximately 200% less than with unassisted EDM, and this can be improved
by the selection of an appropriate vibration frequency in further work. The vibration frequency was found
to have an optimum value of 90 Hz with respect to surface roughness. The surfaces of specimens showed
fewer micro-pores and craters per unit area than those machined without vibration assistance. Figure 4
shows the variation of MRR obtained by unassisted EDM and vibration-assisted EDM with different tool
electrodes at different frequencies with a fixed amplitude of 10 pum accordingly, cupper electrodes gave the
highest MRR compared to Cu-W while graphite electrode gave the lowest MRR. Prabu et al. [43] evaluated
the MRR and EWR when machining Al-TiB2 MMCs with LF-EDM (0-0.04 kHz) and a vibrating tool
using pulsed current, on-time, off-time, flushing pressure, and vibration frequency as process variables
during LF-EDM drilling.
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Figure 4. Variation of MRR for unassisted and vibration assisted EDM at 0, 40, 90, and 140 Hz [42].

2.1.3. Dielectric and Vibration Interaction

Mwangi et al. [44] investigated LF-EDM drilling of aluminum silicon carbide (AISiC) MMC using oil
and deionized water as dielectric fluids. Their results indicated that introducing vibration increased MRR,
resulted in inferior surface quality, and improved dimensional accuracy regardless of the dielectric type
used. The use of deionized water resulted in higher MRR compared to the dielectric oil, Figure 5. In addition,
machining using dielectric oil resulted in higher dimensional and geometric accuracy than machining in
deionized water. The introduction of LF vibration reduces EWR during machining with oil dielectric, but
increases EWR during machining with deionized water dielectric.
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Figure 5. Effect of dielectric fluid and vibration on MRR and EWR (vibration amplitude = 6.4 um) [44].

2.1.4. Summary of LF-EDM Research

According to the review summary in Table 1, LF-EDM is performed using pulsed power supplies and
workpiece vibration. Generally, it can be concluded that research has focused on investigating the effects
of pulse parameters and vibration frequency and amplitude. The adoption of LF assistance to EDM showed
a positive effect on the performance indicators and machinability indices by increasing MRR and reducing
the EWR and surface roughness.
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Table 1. Summary of LF-EDM conditions and performance indicators using pulsed power supplies.

Vibration Performance/Machinability Indicators
References Workpiece Vibrating Amplitude, Frequenc Pulse On- Pulse Off- Work Electrode . .
MateI:'ial Elementg (I:Lm) (l((IHZ) ! Current Time Time Material Gap Volt Material MRREWRRaTimeStabilityDepth
Prihandana et al. [15] SS 304 w 0.75,1.0 0-0.6 p P P
Uhlmann et al. [41] MAR-M247 T 2-19 0.2-0.8 p P p p
Kumar et al. [40] AISI 1045 St. A - 0.1-0.3 X X X p p
Tsai et al. [42] Ti6A4V T 10 0.04-0.14 X X X X p p p
Nguyen et al. [38] SKD61 steel w 0.75 0-0.6 p p
Nguyen et al. [39] SKD61 steel w 0.75 0.128-0.512 X p
Huu et al. [45] SKD61 steel W 0.75 0.128-0.512 p P p
Prabu et al. [43] Al-TiB2 T - 0-0.040 X p p
Mwangi et al. [44] AlISiC MMC w 0-11.6 0.9 p p -

W: Workpiece; T: Tool; p: Positive response; x: Studied parameters.
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2.2. Low Frequency Micro Electrical Discharge Machining (LF-uEDM)

Low frequency nEDM has been utilized for drilling both single and multiple micro-holes, reverse EDM
of electrodes, die sinking, texturing, and wire EDM (WEDM). To achieve a high aspect ratio of greater
than 10 during pEDM drilling, the inherent problems associated with debris removal that cause arcing and
hinder the machining process need to be overcome. LF vibration of the tool or workpiece enhances
dielectric flushing, effectively evacuating debris, reducing short-circuit pulses, and thereby increasing
machining efficiency, stability, and speed.

2.2.1. General Performance Enhancement

In order to overcome the difficulty in removing debris from the IEG and enhance machining stability,
Todkar et al. [46] improved flushing conditions to significantly reduce machining time, increase material
removal rate, and decrease electrode wear rate. The improved flushing conditions, higher discharge ratio,
and reduced ineffective pulses were identified as key factors contributing to the enhanced performance of
vibration-assisted LEDM on K340 steel. Similarly, in LF-uEDM drilling, the stability of the machining
performance was improved by eliminating arcing and short circuits due to flushing out the debris particles
from the narrow IEG [47]. In an attempt to enhance the dielectric flushing and increase the drilling depth
during LF-pEDM, Liao et al. [5] used the inclined feeding of the WC tool electrode incorporated with axial
vibration at 1 kHz frequency and 7.5 pm amplitude to drill micro holes in AISI 304 stainless steel. A
significant increase in hole depth was obtained when the vibrating tool was fed at 15° upward compared
with the horizontal feeding. The axial vibration of the electrode significantly increased the depth of hole by
75% when the aluminum alloy 6061 was drilled using 200 um diameter electrode at 10° downward feeding
together with the axial vibration at frequency of 250 Hz and 5 pm amplitude while the maximum aspect
ratio was 24 as shown in Figure 6. Lee et al. [48] examined the impact of vibration frequency (10-70 Hz,
2.5 um amplitude) on LF-uEDM for single-hole drilling, reverse EDM, and multiple-hole machining,
Figure 7. In single-hole drilling without tool rotation, a 60 Hz vibration frequency reduced drilling time by
60% compared to standard EDM. However, frequencies above 60 Hz did not significantly decrease drilling
time. In reverse LF-uEDM for fabricating multiple EDM electrodes (Figure 7a,b), machining time was
decreased by 25% at 60 Hz. Vibration at 60 Hz also decreased machining time by 43% for multiple-hole
drilling in copper and by 80% in stainless steel (Figure 7c¢).

5.00 r
4.00 F

3.00 F

2.00
1.00 I
0.00 L L L L ]

Vertical feed Horizontal feed Inclined feed Vibration Inclined feed +
assisted vibration
Process Type assistance

Drilling Depth, mm.

Figure 6. Drilling depth under various EDM drilling conditions [5].
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Figure 7. Copper plate utilized in reverse EDM (a) used to fabricate the multiple tool electrode (WC) (b) used to produce the

microhole arrays (copper 200 um) (c) at frequency 60 Hz and amplitude 2.5 um [48].

2.2.2. Machining Advanced Materials

The effect of thermal and material anisotropy of pyrolytic-carbon (PyC) composites at LF-uEDM drilling
(workpiece vibration: 3 um amplitude, 0—3 kHz) in two directions: within the laminate plane (AB) and
perpendicular to it (along the C-axis), as shown in Figure 8 using a brass electrode was investigated by Bajpai
et al. [49]. Accordingly, MRR was decreased by 56%, surface roughness by 96%, and the dimensional
accuracy by 46% in plane (AB) compared to feeding the tool electrode in the direction of laminates (C) due
to the lower thermal conductivity (KC) along this direction, Figure 9, compared to KA and KB.

Thermal conductivity in A, B and C directions

KA= 400 WimK
KB= 400 W/mK
B KC=3.50 W/imK §
Tool motion | h— EDM electrode tool = | Tool mation
-
c KB
KB A
KA v
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B
KC // B
/
e -
A C
(a) (b)

Figure 8. Machining condition (a) AB plane (b) C plane [49].

20.00 ¢ 00
00 ¢ '
g 6.00
y 15.00 i 15.00
£ 56 % 3 500 | % % a 4%
£
E 10.00 w 400 T = 1000
« 2 300} £
[ ']
S 500 e 200 f 500 f
Y=
3 100}
@a
0.00 L ! 0.00 L — ) 0.00 L J
AB c AB C AB c
Plane of Machining Plane of Machining Plane of Machining
(a) (b) (c)

Figure 9. Main effect plot of machining plane of pyrolytic carbon on (a) MRR; (b) Surface roughness; (¢) Dimensional accuracy [49].
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2.2.3. Texturing and p-WEDM

Mastud et al. [50] reported that during LF-uEDM texturing of Ti6Al4V using a Cu electrode, normal
discharge durations increased with higher amplitude and frequency of vibration. Machining time decreased
by 19% and 23% with voltage increases from 100 V to 130 V and capacitance increases from 1 nF to 10
nF, respectively. Likewise, a 28% reduction in machining time was observed as the vibration amplitude
increased from 0.5 um to 2 um. The percentage of normal discharge duration increased by 2 and 2.7 times
with changes vibration amplitude from 0.5 pm to 2 um and frequency from 3 kHz to 6 kHz, respectively.

Unune and Mali [51] performed p-WEDM of Inconel 718 vibrating at LF. Capacitance was the main
factor affecting both material removal rate and kerf width, contributing 26.38% and 87.47%, respectively.
Vibration frequency contributed 10.88% to material removal rate. Both material removal rate and kerf width
increased with higher capacitance. The interaction between feed rate and vibration frequency contributed
22.33% to material removal rate. Comparing p-WEDM with and without vibration, LF vibration assistance
improved material removal rate by 66.20%. In the same line Hoang et al. [52] improved the machining
efficiency of y(WEDM; through AISI 304 SS workpiece vibration that made the discharges more effective
with fewer short circuits. The machining efficiency was increased by 2.5 times without vibration and 1.5
times compared to the case when the vibration was applied to the wire electrode. Higher machining
efficiency was achieved when machining thicker workpieces or when using a higher vibration frequency.
The surface roughness parameter Ra was significantly improved with vibration of either the wire electrode
or the workpiece.

2.2.4. Powder-Mixed LF-uEDM

Introducing micro powder to the dielectric liquid in non-vibrating tEDM is a hybrid technique that
helped in achieving higher MRR and lower surface roughness. Prihandana et al. [53] reported that the
graphite powder suspended in the dielectric fluid at 10 g/L increased the machining speed of Ag-W by 5
times faster than that in pure dielectric fluid, whilst the application of workpiece vibration, at LF of 0.1
kHz, increased the machining speed by 3 times faster than normal ptEDM without vibration. Moreover, the
introduction of the graphite powder to the dielectric, together with the application of workpiece vibrations,
improved the machining stability and significantly reduced the machining time. In a subsequent study,
Prihandana et al. [22] used titanium workpiece vibration at 1 kHz while the dielectric fluid was mixed with
graphite nano-powders to reduce machining time, Figure 10, and improve surface quality, due to the lower
frequency of arcing between the tool electrode and the workpiece. Their experimental results showed that
the combination of these techniques improved the machining stability and significantly reduced the
machining time by 20 times faster than that reported when using pure dielectric fluids. Surface
microstructure produced in the graphite powder suspension was characterized by well defined, uniformly
sized, and consistent circular craters, when compared with those produced in the pure dielectric fluid. This
was related to the fact that the electric discharges from the tool electrode do not directly strike the workpiece
surface but hit the graphite powder instead and generate small discharges at the workpiece surface, as
illustrated in Figure 11. It is clear that powder mixed LF-uEDM improves the process performance
indicators and the machinability indices by reducing the machining time (higher MRR) and reducing the
surface roughness.
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Figure 10. Effect of powder concentration and vibrations on the machining time [22].
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Figure 11. Discharges diffusion in powder suspended dielectric fluid LF-uEDM [22].

2.2.5. Summary of LF-uEDM Research

Table 2 shows a summary of the LF vibration assisted tEDM review, conditions, and performance
indicators. The process is mostly performed using a Resistance-Capacitance (RC) power supply. Its
performance was enhanced by increasing MRR and reducing machining time, EWR, and the surface
roughness parameter Ra, in addition to improving product accuracy and machining stability. Such
indicators reflect the improvement of the machinability of uEDM by LF vibration assistance. Most of the
research focused on investigating the effect of voltage level, capacitance, and vibration amplitude and
frequency. Their results showed positive responses, including increased MRR and process accuracy, and
decreased surface roughness and EWR.
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Table 2. Summary of low LF-uEDM, conditions, and performance indicators using RC power supplies.

Workpiece : : Vibri{tion Variables Performance/Machinability Ind-ic.ators
References Material ‘l]Ellb:;z::l:tg Am(l:::ll)lde’ Frfl((lll_llezl)lcy Cll)ll::"seint }l;ilet(el VoGl?:ge CapacitanceMRREWRRaTimeTaperAccuracy D;;gi?lg Stability
Bajpai et al. [49] Py-Carbon w 3 0-3 X X Depends on the plan of machining
Liao et al. [5] AISI 304 SS T 7.5 1 p
Hoang et al. [52] Ti6Al4V W/T 0-12 0.6-2 p p
Mastud et al. [50] Ti6Al4V W 0.5-2 3-6 X X p p
Lee et al. [48] Cu/WC \Y 0.5-13 0.01-0.07 p
Unune and Mali [51] Inconel 718 W 0-0.08 X X p
Todkar et al. [46] K340 steel w 2.5 0-1.0 p p p
Prihandana et al. [53] Ag-W W 1.5 0.1 Powder concentration p
Prihandana et al. [22]  Titanium w 1.5 1 Powder concentration p P

W: Workpiece; T: Tool; p: Positive response; x: Studied parameters.
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3. Modeling and Optimization

Several attempts have been made to model the distribution of pressure, velocity of dielectric and debris
in the machining gap and optimize the process conditions toward minimizing the machining time, overcut,
surface roughness, and EWR, maximizing MRR and enhancing the process efficiency.

3.1. Simulation and Modeling

Finite Element Analysis (FEA) and Computational Fluid Dynamics (CFD) are used to model dielectric
flow, debris transport, and thermal effects. Maity et al. [54] performed the finite element analysis (FEA)
for the maximum displacement of the workpiece at different locations and frequencies (2.293 kHz—8.185
kHz). They concluded that the continuous up and down vibration of the workpiece resulted in the formation
of vapor bubbles, which contributed to MRR due to the fracture of these bubbles. The improved velocity
of the dielectric, inside the gap, provided better flushing conditions and, hence, a more stable machining
process. Todkar et al. [35] presented an analytical study for the gap distance and fluid pressure during LF-
wEDM with a vibrating workpiece at an LF of 0.75 kHz. Beigmoradi et al. [55] suggested an appropriately
shaped electrode for machining operators that provided stable machining conditions and an appropriate
MRR due to efficient flushing in LF-uEDM. They applied a factorial design to find out the best electrode
material and configuration. Accordingly, tungsten electrodes provided more stable machining conditions
due to its lower lateral movements to excitations in comparison with copper and graphite electrodes. Using
the CFD models, triangular tungsten electrode provided the best flushing and, consequently, better
machining stability in LF-pEDM drilling. Circular tungsten and circular graphite electrodes were ranked
second and third for providing better flushing, respectively. Jahan et al. [14] presented an analytical
approach to explain the mechanism of workpiece vibration assisted LF-uEDM and how it improved the
performance of uEDM drilling.

3.2. Statistical and Multi-Objective Optimization

Taguchi, Response Surface Methodology (RSM), and advanced algorithms such as the Genetic
Algorithm (GA) and Artificial Neural Networks (ANN) are employed for parameter optimization. Unune
and Mali [51] used a Box-Behnken design of experiments, considering gap voltage, capacitance, feed rate,
and vibration frequency as control factors while MRR and kerf width as performance measures. They
developed an empirical model for LF-uWEDM of Inconel 718. Nguyen et al. [39] used Taguchi based
single-objective optimization of LF-EDM die sinking of SKD61 die steel. They found that the optimal set
of process parameters was a pulse current of 8 A, a pulse on-time of 50 ms, a pulse off-time of 5.5 ms, and
a vibration frequency of 0.512 kHz, with an attained accuracy of 6.90%. Prabu et al. [43] developed a
regression model describing the various combinations of input parameters and their corresponding MRR
and EWR in LF-EDM drilling. Huu et al. [45] used a combination of the multi-objective optimization based
on ratio analysis (MOORA) and the analytical hierarchical process (AHP) optimization in LF-EDM of
SKD61 die steel. MRR, EWR, and surface roughness, Ra, were selected as the process performance
indicators. Their results indicated that the LF vibration significantly improved the machining efficiency.
The optimum parameters required to achieve the multi-objective optimization were pulse on-time 25 ps,
current 8 A, off-time 5.5 us, and frequency 0.512 kHz, leading to MRR 9.564 mm?/min, EWR 1.944
mm?/min, and surface roughness 3.24 um with a maximum error of 8.24%. Similarly, Sagar et al. [56]
conducted parameter optimization of wire EDM using LF vibrations. Table 3 summarizes the comparison
of optimization methods in LFV assisted EDM.
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Table 3. Comparison of Optimization Methods in LF-VAEDM.

Method Advantages Limitations Best Suited For
Taguchi Simple, reduces experiments Single-objective, assumes linearity Preliminary screening
RSM Models interactions, graphical output Requires many runs, complex for >3 factors Multi-parameter fine-tuning
ANN Handles non-linearity, good prediction Needs large dataset, “black box” Complex process modeling
GA Global optimization, multi-objective Computationally intensive, tuning required Multi-response problems
MOORA/AHP Incorporates decision weights, multi-criteria Subjective weight assignment Trade-off studies

4. Discussions

The review identifies consistent improvements in key machinability indices: increased MRR, reduced
EWR, improved surface finish (lower Ra), lower machining time, and enhanced process accuracy,
efficiency, and stability in addition to the aspect ratio. The LFV mechanism is enhanced dielectric flushing
through gap agitation, which reduces the percentage of ineffective pulses (short circuits and arcs). This
reduction occurs because vibration periodically increases the effective IEG, disrupting the conditions that
lead to stable arcing and facilitating the clearing of debris that can cause short circuits.

From the literature review and the summary of the performance indicators, the following can be concluded:

e The primary benefit of LF vibration is enhanced debris evacuation. Vibration periodically modulates
the IEG, creating pressure differentials that pump dielectric through the gap. This reduces the
concentration of debris particles, which are a primary cause of short-circuiting and arcing.

e LF vibration increases the proportion of “normal” discharges while reducing arcs and shorts. This is
because a cleaner gap maintains a more stable dielectric strength, allowing for more consistent
breakdown voltages. Prihandana et al. [22] reported that in powder-mixed LF-puEDM, the frequency
of arcing discharges was reduced by over 50% due to the combined effects of powder dispersion and
vibration-induced flushing.

e The choice of the tool electrode material (copper, tungsten, graphite) affects vibration response.
Tungsten, due to its high stiffness and wear resistance, exhibits less lateral deflection under vibration,
leading to more stable machining [55]. Graphite, while softer, offers good machinability for complex
shapes and is effective in PMD processes. Copper provides a balance of conductivity and cost, but may
wear faster under high-frequency vibration.

e LF-uEDM, often using RC generators, benefits greatly from combined powder-mixed dielectric and
vibration. LF-EDM, using pulsed generators, shows broad applicability. Modeling efforts (CFD, FEM)
provide insights into fluid and debris dynamics, while optimization techniques (Taguchi, MOORA,
ANN) are effectively used to find optimal parameter sets.

However, the landscape of research reveals the following inconsistencies and gaps:

1. Some studies report that improved surface roughness with vibration, while others note degradation.
This apparent contradiction can be explained by:

e  Vibration Amplitude: Excessively high amplitude (>10 um) can cause tool wobble, increasing Ra.

e Material Response: Ductile materials may show improved finish, while brittle composites may
develop micro-cracks.

e Dielectric Type: Vibration with oil may entrain debris, scratching the surface, whereas with water
it may improve flushing.

e Future studies should standardize vibration parameters and surface measurement protocols to
enable clearer comparisons.

2. Process parameters are not always consistently reported, hindering direct comparison.
3. While improved flushing is the accepted benefit, quantitative analyses of debris velocity, bubble
dynamics, and the distribution of discharge energy in powder-mixed dielectrics are scarce.
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5. Industrial Applications

Translating laboratory success to shop-floor impact is the ultimate goal. LFV-uEDM is deployed to
drill high-aspect-ratio (AR > 15) cooling holes in single-crystal nickel superalloys. Vibration prevents wire
breakage in t(WEDM and eliminates debris clogging in drilling, improving hole consistency and reducing
scrap rates by an estimated 15-20% [41,57]. The efficacy of vibration assistance in EDM-based texturing
is fundamentally rooted in its ability to manage the debris-laden dielectric. While prior work by Mastud et
al. [50,58] modeled material removal, a deeper understanding of the debris evacuation mechanism is critical.
Specifically, the study ‘Modeling Debris Motion in Vibration Assisted Reverse Micro Electrical Discharge
Machining Process’ directly addresses this by modeling particle dynamics within the micro-gap. Its
objective was to simulate how tool vibration actively expels debris. The key finding is that controlled
vibration creates favorable fluidic forces that efficiently remove particles, which is the primary cause of the
~30% improvement in stable machining time cited in industrial case studies. This model provides the
theoretical underpinning for why LFV-EDM prevents texture defects and enables consistent, high-fidelity
surface generation.

The principle of using vibration to stabilize the EDM process and enhance surface functionality extends
beyond tool and mold manufacturing into the biomedical field, particularly for implant fabrication. A
pertinent study, ‘Electrical discharge machining of dental implants in ultrasonic stimulated dielectric’,
explicitly explores this application. Its objective was to harness ultrasonic dielectric agitation to machine
titanium implants with superior surface properties. The key finding is that this method simultaneously
improves machining efficiency and engineers a biomimetic surface topography and chemistry ideal for
osseointegration. This work demonstrates that vibration-assisted EDM is not merely a productivity tool but
a versatile surface engineering technology capable of creating functional surfaces for demanding
applications, from aesthetic textures on molds to biologically active surfaces on medical implants. It
reinforces the broader thesis that controlled process energy—in this case, ultrasonic—is key to achieving
tailored, high-performance surface characteristics via EDM [59].

Barriers to widespread adoption include retrofitting vibration modules (piezo or mechanical) onto
existing EDM machines adds complexity and cost. Also, the optimal parameter space is vast and material
specific. Lack of expert knowledge deters users. Moreover, no industry standards exist for specifying or
qualifying vibration-assisted EDM processes. Additionally, Operators accustomed to traditional EDM may
resist adopting a process with more control variables.

6. Conclusions

This comprehensive review has established Low-Frequency Vibration-Assisted EDM as a mature yet
rapidly evolving field with significant potential to overcome longstanding limitations in precision
machining. By integrating mechanistic understanding, performance data, modeling advances, and
optimization strategies, we draw the following substantive conclusions:

1. Operating in the LF vibration (10 Hz—1 kHz) range, its primary action is mechanical disturbance for
debris evacuation. This makes it uniquely suited for improving stability in deep, narrow gaps and for
use with powder-mixed dielectrics, where it enables order-of-magnitude improvements in machining
rate and surface quality.

2. The review reconciles apparent contradictions in the literature by demonstrating that outcomes are a
complex function of the material-parameter-dielectric triad. Success is not guaranteed by simply
adding vibration; it requires tailored optimization. Advanced, multi-objective optimization strategies
combining statistical methods with Al are now essential tools for navigating this complexity.

3.  While empirical studies have mapped the performance landscape, future progress hinges on predictive
capability. The integration of CFD, FEA, and data-driven models into a cohesive multi-physics
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framework is the key frontier. Such models must evolve to capture the dynamic interactions between
vibrating boundaries, two-phase dielectric flow, and stochastic discharge phenomena.

4. Integration costs, a lack of standardization, and knowledge gaps obstruct the path from laboratory
validation to widespread factory-floor adoption. Overcoming these barriers necessitates a shift in
research focus from solely reporting performance gains to addressing practical implementation
challenges, developing modular systems, creating decision-support software, and establishing
industry-wide benchmarks and standards.

In summary, LF-EDM stands at a pivotal point. Foundational knowledge is now substantial. The challenge
and opportunity lie in organizing this knowledge through robust models, intelligent optimization, and focused
engineering for industrial use. By doing so, LF-EDM will solidify its role not as a niche laboratory technique,
but as a foundation technology for the next generation of high-precision, high-value manufacturing.

7. Outlook

To advance the field and bridge the gap to industrial implementation, future research should be directed
along several critical pathways:

1. Study pulse train characteristics in LF-EDM to quantitatively link the proportion of normal/arc/short-
circuit pulses to performance metrics (MRR, EWR, Ra, accuracy).

2. Investigate the fundamental relationship between EWR, gap phenomena, and the resulting geometrical
accuracy of parts.

3. Develop more comprehensive multi-physics models and conduct targeted experiments for PM-uEDM
to understand the coupled effects of powder, vibration, and discharges.

4. Investigate the effect of synchronizing voltage pulses with the vibration cycle phase on process

efficiency and stability.

Investigate the effect of LF vibration and power supplies on powder mixed uEDM characteristics.

6. Investigate the effect of different powder types (e.g., SiC, Al2Os, nano-powders, biodegradable
additives), sizes, and concentrations in LF-uEDM to maximize MRR and minimize EWR and Ra.

7. Focus on energy efficiency, dielectric recycling, and eco-friendly powders.

Explore the integration of magnetic fields with LF-vibrated EDM using pulsed voltages.

9. Explore the effect of LF vibration assistance on the performance of hybrid EDM processes such as
electrochemical discharge machining (ECDM), abrasive electrodischarge grinding (AEDG), and
abrasive EDM (AEDM).

10. Intelligent Optimization & Industrial Integration.

11. Apply advanced Al and machine learning techniques (Artificial Neural Networks (ANN), Genetic
Algorithms (GA), Fuzzy Logic (FL)) for multi-objective optimization of LF-EDM parameters.

12. Implement deep learning and digital twins for autonomous process optimization.

13. Integrate LF vibration assisted EDM into smart manufacturing platforms with [oT connectivity.

14. Develop modular systems, create decision-support software, and establish industry-wide benchmarks
and standards to facilitate adoption.

e
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