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Abstract: Micro-electrical discharge machining (micro-EDM) stands out as a transformative methodol-
ogy, offering substantial progress in both technical and economic efficiency through the integration of
coated electrodes. This study meticulously analyzes various technological parameters in micro-EDM,
focusing specifically on Ti-6Al-4V, a widely employed titanium alloy. The application of a titanium
nitride (TiN) coating material on a tungsten carbide (WC) electrode is investigated using the Taguchi
method of experimental design. This study employs an ANOVA and factorial design methodology to
scrutinize the influence of key parameters, namely voltage (V), capacitance (C), and spindle rotation
(in revolutions per minute) (RPM) on the tool wear rate (TWR), overcut (OVC), and Z coordinate
(depth) within the micro-EDM process. The findings unveil a noteworthy increase in the TWR
with an elevated V, C, and RPM, with capacitance exerting a pronounced influence while voltage
exhibits the least impact. OVC exhibits notable variations, revealing an inverse relationship with
RPM. The Z coordinate (depth) is significantly affected by capacitance, with voltage and RPM each
having a relatively negligible impact. A surface quality analysis exposes similarities and numerous
defects in both coated and uncoated electrodes, emphasizing the need for further exploration into the
effectiveness of coated electrodes in enhancing post-micro-EDM machined surface layers. This study
contributes valuable insights to optimize and advance micro-EDM processes, laying groundwork for
future innovations in precision machining.

Keywords: micro-EDM; coated electrodes; technological parameters; titanium nitride coating;
Ti-6Al-4V alloy

1. Introduction

Electric discharge machining (EDM) serves as an indispensable method for achieving
high precision in machining, especially for challenging materials such as carbides and
superalloys that present difficulties for traditional machining processes. In this context,
the titanium alloy Ti-6Al-4V has a pivotal role, influencing critical industries like the
aerospace and biomedical industries with nuclear applications [1]. Micro-EDM, as an
advanced iteration of this technology, has gained prominence due to its ability to handle in-
tricate shapes and microscopic dimensions, offering a transformative approach to precision
machining [2–5].
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A significant development in micro-EDM involves the use of coated electrodes, a
progressive technical solution designed to enhance both technical capabilities and economic
efficiency [6,7]. This innovation has garnered attention for its potential to revolutionize
micro-EDM processes [8]. However, selecting optimal technological parameters, especially
concerning various electrode coating materials, remains a complex challenge [9]. This task
is further complicated by the distinctive electrical, thermal, and physicochemical properties
of coating materials influenced by specific workpiece materials [10,11].

Despite the widespread use of EDM, research exploring the suitability of coating prop-
erties for micro-EDM conditions is surprisingly limited [12]. This research gap underscores
the critical need for comprehensive investigations to facilitate the practical application of
coated electrodes. The introduction of coating materials on micro-EDM electrodes induces
alterations in spark formation, heat resistance, and physicochemical phenomena during
machining, opening avenues for enhanced machining efficiency [13]. Studies on Cu-coated
Al electrodes have demonstrated a remarkable 35% reduction in processing costs compared
to Cu electrodes [14], indicating transformative potential regarding economic efficiency.

Examining the economic viability of this technology, the use of Ag coatings on Cu
electrodes in EDM has exhibited concurrent improvements in the material removal rate
(MRR), tool wear rate (TWR), and machined surface roughness (SR) [15]. Similarly, the use
of an Al2O3–TiO2 coating with Cu electrodes demonstrated significant enhancements in
machining efficiency, with the TWR and overcut (OVC) amount reduced by approximately
92% and 62.5%, respectively [16]. Beyond Cu electrodes, Cu and Ag coatings on WC
electrodes in micro-EDM showcased varying impacts on the MRR and TWR, emphasizing
the influence of coating materials on performance [17].

Despite these promising strides, the broader landscape of micro-EDM with coated elec-
trodes remains largely unexplored. Studies incorporating Cu-ZrB2-coated electrodes and
Cu-MWCNT coating materials have revealed intriguing results, including increased wear
resistance and improvements in the MRR, TWR, and machined surface properties [18,19].
Moreover, coatings like CrNi on Al electrodes have demonstrated the potential to en-
hance workpiece machinability by introducing Cr and Ni elements onto the machined
surface layer [20]. The disparate effects of coating materials underscore the importance of
meticulous consideration in material selection [21,22].

Crucially, the impact of coating materials extends beyond EDM, influencing the physi-
cal and chemical properties of the machined surface layer [6]. TiN coatings, for example,
have showcased reductions in the TWR and OVC in micro-EDM using WC power, under-
scoring the multifaceted benefits of coating technologies [23]. ZnC-coated Cu electrodes
have been identified as contributors to higher machining efficiency in EDM, particularly
when machining IN718 alloy [24]. These coatings have demonstrated remarkable improve-
ments in coating hardness and thickness, revealing the transformative potential of EDM
with coated electrodes [25].

Comparative studies evaluating TiN, Ag, and ZrN electrode coatings have spotlighted
TiN as the most suitable coating material, with superior performance in terms of the
efficiency/wear ratio (EWR) and OVC [26]. Importantly, the characteristics of coatings
on electrode surfaces wield substantial influence over machined surface topography after
EDM, with grain size playing a pivotal role in determining indentation size [27]. In parallel,
the interplay of technological parameters such as U, I, and Ton on quality indicators in
EDM with coated electrodes requires thorough elucidation for the practical application of
this technology [28].

While existing studies illuminate the feasibility of employing coated electrodes in
micro-EDM, a significant gap remains, with limited research focused on understanding
the nuanced characteristics of coating materials. Previous works predominantly adopted
a survey-based approach, leaving the specific influences of coating materials in this con-
text insufficiently clarified. The feasibility and efficacy of micro-EDM employing coated
electrodes demand continued exploration and empirical validation. This study embarks
on a comprehensive investigation into the impact of a TiN coating on WC electrodes in
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micro-EDM for Ti-6Al-4V, elucidating its effects on the material removal rate (MRR), tool
wear rate (TWR), and overcut (OVC). The nuanced influence of technological parameters
on quality indicators is delineated, while the surface quality after micro-EDM employing
both coated and uncoated electrodes is rigorously analyzed and evaluated. The study
addresses this critical gap in the literature by providing a systematic exploration of the
complex interactions between coating materials, technological parameters, and machining
outcomes in micro-EDM processes.

2. Materials and Design Methodology

This study leveraged the advanced Hyper 10 Micro Electric Discharge Machining
(Micro-EDM) platform to conduct a meticulous exploration. At the core of this investigation
lay a finely calibrated tungsten carbide electrode with a diameter of 490 microns. This
electrode underwent precise augmentation with a 6.663-micron layer of titanium nitride
applied using the sophisticated technique physical vapor deposition (PVD). To optimize
the coating, chemical vapor deposition (CVD) was employed, ensuring a comprehensive
thickness of 10 microns. The critical aspect of this study, namely coating thickness, was
meticulously addressed through the implementation of physical vapor deposition (PVD)
by Balzer India Pvt. Ltd., Pune, India. The resulting titanium nitride coating, pivotal to this
experimental design, is specifically described in Table 1, demonstrating both the weight
percentage and atomic percentage of its constituent elements.

Table 1. Elements in titanium nitride coating.

Element Weight (%) Atomic (%)

C K 5.25 11.53
N K 27.21 51.26
Ti K 67.54 37.21
Total 100.00

To provide a visual insight into the coating, Figure 1a presents an energy-dispersive
X-ray Analysis (EDAX) report for titanium nitride, explicitly confirming the presence of
titanium and nitride. This thorough analysis ensured the transparency and accuracy of the
coating methodology. Figure 1b illustrates the surface morphology of the microelectrode
post coating. Figure 1c presents cross-sectional scanning electron microscopy (SEM) images
of the coatings, which were captured at measurement scales of 5 µm, 10 µm, and 50 µm,
respectively. These illustrations provide an in-depth view of the coatings’ thickness and
uniformity, contributing to the overall clarity and completeness of this experiment.

This study includes a detailed compositional analysis and visual representations,
aiming to provide a more thorough and transparent depiction of the coating process
and its outcomes. The advanced coating method plays a crucial role in enhancing the
electrode’s resilience within the challenging micro-EDM environment. The chosen work-
piece material was the titanium alloy Ti-6Al-4V. By systematically varying three key input
parameters—voltage, capacitance, and RPM—this study aimed to unravel their nuanced
impacts on the micro-EDM machining process. Utilizing a designed L9 orthogonal array,
this testing yielded comprehensive readings which are presented in Table 2. Follow-
ing the coating process, the tungsten carbide electrode exhibited an average diameter of
503.326 µm, highlighting the transformative impact of titanium nitride enhancement.

Maintaining a standardized timeframe of 15 min across all experiments was integral
to ensuring consistency and reliability in our assessments. In the evaluation of micro-
EDM process performance, this study intentionally identified three key response variables:
the tool wear rate (TWR), overcut (OVC), and the Z coordinate. The Z coordinate, which
denotes the depth of the electrode within the drilled hole cavity, was machine-measured and
displayed on the screen [29]. Measured values, along with their corresponding standard
deviations, for the tool wear rate (TWR), overcut (OVC), and Z coordinate, are routinely
depicted using column charts, consistent with our previous studies [30].
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Figure 1. EDAX of titanium nitride thin film coating (a), the surface morphology of the microelectrode
(b), and cross-sectional SEM images of the coatings (c).

Table 2. Experimental results achieved with the titanium nitride-coated micro-tool electrode.

Expt.
No.

Process Parameters Response Variables

Voltage
(V)

Capacitance
(F) RPM Z

(mm)
TWR

(mg/min)
Overcut

(µm)

1 120 100 pF 200 0.534 0.00834 60.2635
2 120 1000 pF 400 1.2214 0.045 28.6535
3 120 10 nF 600 1.9078 0.075 54.3135
4 140 100 pF 400 0.762 0.0234 84.0535
5 140 1000 pF 600 1.3956 0.05 33.8096
6 140 10 nF 200 2.2538 0.0883 58.093
7 160 100 pF 600 1.2933 0.015 95.2285
8 160 1000 pF 200 1.2092 0.0416 62.2585
9 160 10 nF 400 2.3833 0.0983 112.8685

To ascertain the mass variation in the electrode before and after machining, precise
weighing was conducted. Weight measurements for all tools were meticulously executed
using a high-precision analytical balance (make: Ishida Co., Ltd., Kyoto, Japan; model:
DXR220). Overcut determination was facilitated through an SEM image analyzer. A
machined surface analysis employed two distinct characterization methods: an energy-
dispersive X-ray analysis (EDAX) test for material presence, utilizing the Bruker machine
(Model: D2 Phaser, Salt Lake, Germany), and a topography examination using SEM
equipment from Jeol Ltd., Tokyo, Japan (model: JSM 6360A).

These experiments were intricately designed to elucidate the nuanced interaction
between input parameters and response variables, providing profound insights into the
dynamics of the micro-EDM process. The presentations of the first and ninth experiments,
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demonstrating the minimum and maximum values for the TWR, Z, and overcut, are note-
worthy. This highlights the variability introduced by different combinations of parameters.

This precise and comprehensive methodological approach underscores this study’s
commitment to unraveling the intricate dynamics of coating materials in the micro-EDM
landscape. The innovation of this study extends beyond the intricacies of the coating process
to encompass the meticulous design of experiments, a discerning choice of materials, and a
nuanced exploration of critical machining parameters, pushing the boundaries of micro-
EDM research.

3. Results and Discussion
3.1. Tool Wear Rate (TWR) Using a Titanium Nitride-Coated Microelectrode
3.1.1. Analysis of Variance for TWR

Utilizing Minitab 20 Analysis Software, a comprehensive ANOVA analysis for the
coated tungsten carbide electrode was meticulously conducted. The ANOVA results, as
presented in Table 2, were instrumental in discerning the coefficient impact on the TWR.
This analysis, conducted at 90% confidence intervals, distinctly showcased capacitance
(F = 168.21) as the most influential factor shaping the TWR. The weight reduction method
served as the basis for the TWR measurement. Table 2 unequivocally establishes capacitance
as the dominant player in the wear of the electrode, while other parameters such as voltage
and RPM exhibited non-significant impacts on the TWR of the titanium nitride-coated
micro-electrode. The absolute values of tool wear unraveled the dual phenomena governing
tool wear characteristics: the erosion of electrode material and the deposition of material
on the electrode. In conditions of elevated spark energy, a substantial amount of debris
formed, leading to an augmentation in material deposition on the tool. Consequently, the
actual material removal from the tool witnessed a concurrent increase. Voltage (F = 4.49)
and RPM (F = 3.67) exhibited negligible impacts on TWR. Capacitance exhibited the
highest degree of influence, followed by Voltage, with the lowest impact observed for
RPM, as outlined in Table 3. The percentage influence of each parameter was delineated as
Capacitance = 94.83%, Voltage = 2.52%, and lowest RPM = 2.07%, as detailed in Table 3.

Table 3. Analysis of Variance for TWR using TiN coated micro -Electrode.

Source DF SS MS F Ratio p Value Contribution (%) Ranking

Voltage
(V(amp) 2 0.000207 0.000104 4.49 0.182 2.52 2

Capacitance
(µs) 2 0.007763 0.003881 168.21 0.006 94.83 1

RPM 2 0.000170 0.000085 3.67 0.214 2.07 3

Error 2 0.000046 0.000023 - - 0.56 -

Total 8 0.008186 - -

S = 0.0048036 R-Sq = 99.44% R-Sq(adj) = 97.74%

3.1.2. Influence of Parameters on TWR

A main effect plot for tool wear rate (TWR), illustrated in Figure 1, offers nuanced
insights into the distinctive impact of each parameter. The discerned observations unveil
that heightened voltage levels contribute to a marginal increase in the TWR. Significantly,
the TWR exhibits a direct correlation with capacitance, demonstrating a noteworthy escala-
tion with an augmentation in pulse energy. The quantified percentage influence of each
parameter underscores capacitance as the predominant factor, commanding a substantial
94.83%, followed by voltage at 2.52%, and RPM at 2.07%.

Figure 2 illustrates a main effect plot for the TWR of titanium nitride (TiN)-coated
electrodes, accentuating a slightly augmented TWR at elevated voltage levels. The transition
from U = 120 V to U = 160 V correlates with an escalating TWR, as delineated in Figure 2a.



Metals 2024, 14, 162 6 of 13

This phenomenon can be attributed to the intensified energy of the electric spark, leading
to a significant rise in the melting and evaporation of the electrode material. Remarkably,
the highest TWR is recorded at U = 140 V, while the lowest is observed at U = 120 V. In
comparison to the TWR at U = 120 V, the TWR at 140 V experiences a 26.0% increase, and
at 160 V, an increase of 20.68%. The TWR pattern aligns proportionally with the variations
in capacitance, as portrayed in Figure 2b. The spectrum of C = 100–10,000 pF yields a
substantial rise in the TWR, emphasizing the profound influence of C on spark energy. In
contrast to the TWR at C = 100 pF, the TWR at C = 1000 pF witnesses a surge of 192.23%,
and at C = 10,000 pF, an impressive surge of 459.69%. The impact of RPM on the TWR
mirrors the influence of U, depicted in Figure 2c. Notably, an increase in RPM from 200 rpm
to 400 rpm leads to a significant rise (approximately 20.6%), while an increase to 600 rpm
registers a marginal increase of 1.28%. This underscores that excessively low or high RPM
values may curtail the TWR due to variations in spark energy, affecting the formation of
optimal pulses.
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Figure 2. Main effects plot for the TWR with a TiN-coated microtool electrode: (a) voltage,
(b) capacitance and (c) spindle rotation.

In contrast to non-coated tungsten carbide electrodes, their coated counterparts exhibit
a softer composition, featuring a thin layer deposited on their surfaces. Noteworthy obser-
vations indicate that as the RPM value escalates to higher levels, tool motion becomes more
whirling, causing the deterioration of the thin film. At 400 rpm, the machine demonstrates
superior performance concerning tool rotations, resulting in a more pronounced TWR. This
intricate analysis not only unveils the interplay of parameters in the context of the TWR
but also underscores the innovative aspects of utilizing titanium nitride-coated electrodes
in micro-electrical discharge machining.

3.1.3. Comparative Analysis

Comparing the TWR at different voltage levels, an increase in the TWR was observed
with higher voltages, attributed to an increased spark energy leading to intensified melting
and evaporation of the electrode material. Interestingly, the change in the TWR was
proportionate to the changes in capacitance and RPM, demonstrating their interconnected
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influence. This analysis underscores the significance of coating characteristics, where coated
electrodes, being softer, exhibit varied TWR patterns based on RPM levels (Table 3). It was
noted that at 400 rpm, the machine exhibited optimal performance related to tool rotations,
resulting in a reduced TWR.

3.2. Overcut Using Titanium Nitride-Coated Microelectrode
3.2.1. Analysis of Variance for Overcut

Table 4 elucidates that capacitance and voltage played dominant roles in overcut
(OVC), with statistically significant F-values of 19.79 and 22.64, respectively. In contrast,
RPM exhibited non-significant effects on OVC (Table 4). The percentage influence of
technological parameters on OVC was calculated as 42.44% for capacitance, 48.55% for
voltage, and 6.86% for RPM.

Table 4. Analysis of variance for overcut using TiN-coated microelectrode.

Source DF SS MS F Ratio p Value Contribution (%) Ranking

Voltage
(V(amp) 2 2878.3 1439.13 22.64 0.042 48.55 1

Capacitance
(µs) 2 2516.2 1258.12 19.79 0.048 42.44 2

RPM 2 406.9 203.44 3.20 0.238 6.86 3

Error 2 127.1 63.56 - - 2.14 -

Total 8 5928.5 - -

S = 7.97423 R-Sq = 97.86% R-Sq(adj) = 91.42%

3.2.2. Influence of Parameters on Overcut (OVC)

Figure 3 presents a graphical representation elucidating the intricate influence of
technological parameters on overcut (OVC) in the context of micro-electrical discharge
machining (micro-EDM) employing a titanium nitride-coated electrode. The OVC exhibits
a robust escalation concomitant with increasing voltage (U), a phenomenon attributed to
heightened heat energy that facilitates the removal of the coated thin film. Simultaneously,
capacitance (C) exerts a significant impact on OVC, showcasing a discernible decrease
at elevated capacitance levels. The influence of rotations per minute (RPM) manifests
a nuanced effect, with both higher and lower RPM levels contributing to an increase in
OVC. A quantitative analysis underscores the pivotal roles of voltage and capacitance in
determining OVC.

The descriptive analysis in Figure 3 delineates the impact of technological parame-
ters on OVC in the realm of micro-EDM utilizing a titanium nitride-coated electrode. A
conspicuous surge in OVC is observed with an escalating voltage (U); this is particularly
evident at the higher voltage level of 160V (Figure 3a). This phenomenon arises due to
the intensified heat energy generated at higher voltage levels, facilitating the removal of
the coated thin film. This effect impedes the stability of the titanium nitride (TiN) layer,
leading to the interference of metallic conductive particles from the coatings, essentially
acting as floating electrodes. These dynamic electrodes generate an expansion of energy
within the electrode gap. A comparative analysis revealed that in comparison to the OVC
value at U = 120 V, the OVC at U = 140 V experiences a notable increase of 22.85%, while at
U = 160 V, it registers a substantial increase of 88.77%.

Figure 3b expounds on the influence of capacitance (C) on OVC, elucidating that OVC
is most significant at C = 100 pF and diminishes at C = 1000 pF. The observed trend is
attributed to alterations in the spark energy, resulting in a corresponding change in OVC.
Relative to OVC at C = 100 pF, a remarkable reduction of 47.93% is observed at C = 1000 pF,
and a more modest reduction of 5.96% is noted at C = 10,000 pF.
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and (c) spindle rotation.

In Figure 3c, the impact of RPM on OVC is intricately portrayed, illustrating that as
the whirling motion intensifies, hard titanium nitride erodes the cavity’s sides. However,
an intriguing observation is made at 200 rpm and 600 rpm, where overcut reduces. This re-
duction is attributed to the erosion of the softer thin layer of the coating due to the whirling
motion of the tool. Furthermore, the electrode’s shape assumes a hemispherical form at
these RPM levels. Conversely, at 400 rpm, optimal flushing action results in the formation
of a well-defined plasma channel, facilitating a more extensive spark expansion. A com-
parative analysis underscores a substantial increase of 24.81% in OVC at RPM = 400 rpm
compared to RPM = 200 rpm, while RPM = 600 rpm registers a more modest increase of
1.51%.

This nuanced examination of the interplay between voltage, capacitance, and RPM and
their effects on OVC not only contributes to a comprehensive understanding of micro-EDM
dynamics but also highlights the innovative aspects of employing a titanium nitride-coated
electrode in the machining process.

3.3. Z Coordinate Using Titanium Nitride-Coated Microelectrode
3.3.1. Analysis of Variance for Z Coordinate

An analysis of variance (ANOVA) for the Z coordinate, as presented in Table 5, un-
derscores the crucial role of technological parameters in influencing the Z-axis position.
Remarkably, capacitance emerged as the most significant parameter, with an F-value of
20.70, contributing significantly to the Z-axis coordination. Conversely, voltage (F = 1.92)
and RPM (F = 0.46) were deemed nonsignificant. The percentages of influence for the pa-
rameters U, C, and RPM were found to be 7.97%, 85.95%, and 1.92%, respectively, indicating
capacitance as the dominant factor (Table 5).
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Table 5. Analysis of variance for the Z coordinate using a TiN-coated microelectrode.

Source DF SS MS F Ratio p Value Contribution (%) Ranking

Voltage
(V(amp) 2 0.25329 0.12664 1.92 0.342 7.97 2

Capacitance
(µs) 2 2.72978 1.36489 20.70 0.046 85.95 1

RPM 2 0.06102 0.03051 0.46 0.684 1.92 3

Error 2 0.13189 0.06595 - - 4.15 -

Total 8 3.17599 - -

S = 0.256802 R-Sq = 95.85% R-Sq(adj) = 83.39%

3.3.2. Influence of Parameters on Z Coordinate (Z)

Figure 4 illustrates the influence of parameters on the Z coordinate. The results indicate
a positive correlation between the Z-axis position and technological parameters, signifying
an increase in electric spark energy with rising parameters. Higher voltage levels led to a
refusal to form a titanium nitride (TiN) layer, resulting in increased depth as the voltage
increased. Capacitance exhibited a similar trend, demonstrating a substantial increase in Z
with higher capacitance levels. RPM demonstrated satisfactory results, with an increase in
depth as the RPM value increased, highlighting the importance of maintaining a reasonable
RPM for stable spark discharge machining. The presence of microcracks and voids on the
machined surface, as revealed in Figure 4, indicates the influence of electric sparks on the
workpiece material, impacting workability.
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3.4. Analysis of Machined Surface Layers of Coated and Uncoated Electrodes
3.4.1. Surface Morphology and Microcracks

Figure 5 provides a visual representation of the machined surface subsequent to
micro-electrical discharge machining (micro-EDM) utilizing both coated and uncoated
electrodes, revealing the presence of numerous microcracks and voids dispersed arbitrarily
across the machined surface. This observation is attributed to the transformative impact
of electric sparks on the workpiece material, causing it to undergo a process of melting
and subsequent evaporation. The immediate cooling effect induced by the dielectric
solution further contributes to the formation of microholes and cracks. The inadvertent
consequence of these features is a deleterious impact on the workability of the surface layer
of the workpiece post micro-EDM, potentially leading to various forms of damage during
subsequent machining operations. Upon a closer examination of the presented data and
considering the size of microcracks after EDM using coated electrodes, it is evident that the
physical characteristics of the coating material play a crucial role in influencing the spark
formation process. The coating material facilitates the formation of sparks more effectively,
resulting in sparks with lower energy levels. This, in turn, contributes to the observed
smaller size of microcracks on the surface.
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3.4.2. Analysis of the Machined Surface

An in-depth energy-dispersive X-ray (EDX) analysis, as depicted in Figure 6, sheds
light on the composition of the machined surface. The results reveal that the materials
constituting the electrode permeated the machined surface layer, indicating a notable pene-
tration of electrode materials into the workpiece. This phenomenon is rationalized by the
substantial heating, melting, and evaporation of the electrode surface layer induced by the
thermal energy generated by electric sparks. The amalgamation of electrode material with
the workpiece material forms an alloy layer, showcasing altered properties in comparison
to the base layer.

Figure 6a further underscores the efficacy of the coating material in shielding the
electrode during experimental processing. Notably, the coating material is prominently
evident on the machined surface, emphasizing its protective role. Intriguingly, no traces
of the base electrode material (tungsten carbide (WC)) are discernible on the machined
surface. This distinctive observation attests to the shielding effect of the coating material
during the experimental phase, preventing the appearance of the base electrode material on
the machined surface. Such a protective role of the coating material is crucial in preserving
the integrity and functionality of the electrode during the intricate processes of micro-EDM
experimentation.
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This comprehensive analysis of the Z coordinate, along with the examination of the
machined surface layer, provides valuable insights into the intricate interactions between
technological parameters and the resulting material characteristics. The findings contribute
to advancing the understanding of micro-EDM with titanium nitride-coated electrodes,
facilitating informed and optimized applications in practical settings.

4. Conclusions

This study delved into a detailed examination of the effects of key parameters—
voltage (V), capacitance (C), and RPM—within the framework of micro-electrical discharge
machining (micro-EDM) utilizing TiN-coated electrodes on Ti-6Al-4V. The rigorous analysis,
employing an ANOVA and a factorial design methodology, yielded nuanced insights into
the behavior of critical output variables: the tool wear rate (TWR), overcut (OVC), and the
Z coordinate (depth).

- Utilizing a TiN-coated microelectrode, this investigation focused on the TWR, reveal-
ing capacitance as the dominant factor with a substantial 94.83% influence, followed
by voltage at 2.52% and RPM at 2.07%. The analysis underscored the dual phenomena
governing tool wear characteristics—the erosion of electrode material and material
deposition on the tool.

- For OVC, capacitance and voltage played pivotal roles, showcasing statistically sig-
nificant F-values. Capacitance demonstrated a remarkable 42.44% influence, while
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voltage exhibited a slightly higher impact at 48.55%. In contrast, RPM exerted non-
significant effects on OVC. A main effects plot illustrated the intricate interplay of
these parameters on OVC, emphasizing the significance of coating characteristics.

- An ANOVA for the Z coordinate accentuated the critical role of capacitance, which
emerged as the most significant parameter with an 85.95% contribution. Voltage and
RPM were deemed nonsignificant. The main effects plot highlighted the positive
correlation between the Z-axis position and technological parameters, elucidating an
increase in electric spark energy with rising parameters.

- A visual representation of the machined surface, both with coated and uncoated
electrodes, revealed the presence of numerous microcracks and voids. These features
were attributed to the transformative impact of electric sparks on the workpiece
material. Notably, an EDX analysis shed light on the penetration of electrode materials
into the machined surface layer, forming an alloy layer with altered properties.

This study, through its meticulous examination of these intricate relationships, con-
tributes valuable insights to the optimization and advancement of Micro-EDM processes,
laying the groundwork for future innovations in precision machining.
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