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A B S T R A C T

Ti-6Al-4V (Ti64) alloy is a widely used bioimplant material due to its excellent properties. However, long-term
exposure to body fluids can lead to corrosion, a concern given increasing lifespans. Electrical discharge
machining (EDM) can improve Ti64 corrosion resistance at long term. This study investigates the long-term
corrosion behaviour of Ti64 in simulated body fluid (SBF) after EDM treatment using different bath composi-
tions (oil, water, and hydroxyapatite dissolution (HA)). Electrochemical and microscopy techniques were used to
analyse corrosion mechanisms over immersion periods ranging from 2 h to 3 months. Results show that EDM-
treated samples in water exhibited the highest corrosion resistance, while those processed in oil possessed the
lowest. Especially, the corrosion resistance of samples treated in water and HA remained constant over time,
unlike the non-EDMed and oil-treated samples. Furthermore, all samples exhibited evolving corrosion mecha-
nisms over time, with faster deposition of SBF elements observed on oil and HA-treated samples, suggesting
enhanced biointegration potential. The thicker deposited SBF layer on these samples further supports the po-
tential of these EDM treatments to improve the biointegration of Ti64 implants.

1. Introduction

Ti-6Al-4V (Ti64) finds wide application in various bioimplants,
including dental, hip, and knee replacements. Ti64 acceptance stems
from its excellent properties, such as high corrosion resistance and
favourable bone integration (osseointegration) [1–5]. However, with
increasing life expectancies, there is a growing need to extend bio-
implant lifespans for several decades. The harsh environment of body
fluids and internal temperatures can corrode Ti alloys over the long term
[1,4,6]. This corrosion compromises the integrity of the Ti64 implant
and its bond with the bone, potentially leading to failure. Fluorine ions
found in saliva can deteriorate dental implants by dissolving the pro-
tective Ti oxide layer [5,7]. Similarly, blood anions (e.g., chlorine, sul-
phate, carbonate, and phosphate) can damage this passive film, inducing
corrosion [4,6,8]. Human body temperature (≈37.5 ◦C) further accel-
erates this dissolution process [4,9]. Beyond implant failure, Ti64
corrosion releases potentially harmful alloying elements: V, which is
cytotoxic, and Al, which has been linked to Alzheimer’s disease [3,10].
Therefore, improving the corrosion resistance of Ti64 is crucial for its

continued advancement in bioimplant applications.
Various techniques can enhance the corrosion resistance of Ti alloys,

including anodising [11,12], plasma electrolytic oxidation [13], ion
implantation [14], sol-gel coatings [15], laser alloying [2] and laser
selective melting [16] and electrical discharge machining (EDM) [1,
17–20]. EDM, in particular, stands out due to its ability to machine
high-strength and low-conductivity materials. As a non-contact process,
EDM utilizes controlled electrical sparks to erode the surface, enabling
complex shapes, precise dimensions, and good finishes. Furthermore, its
low-temperature nature minimises thermal damage to the Ti, crucial for
bioimplant applications. Particularly, EDM can also improve biocom-
patibility and promote desired surface topography, enhancing hydro-
philicity (cell adhesion), proliferation, and anchorage of bone cells
[21–26].

EDM is a non-traditional machining process that utilises electrical
sparks within a dielectric fluid to melt and vaporise (removal) material
from the workpiece [27,28]. While highly effective for hard-to-cut ma-
terials such as Ti, the intense heat and specific dielectric fluid can in-
fluence the corrosion behaviour of the machined surface. Parameters
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such as spark energy, discharge frequency, and dielectric fluid type play
a crucial role in balancing efficient material removal with desired sur-
face integrity and corrosion resistance [29]. Appropriate control of these
parameters is essential to minimise thermal damage, reduce the for-
mation of undesirable surface oxides, and ensure the longevity of the
machined component in potentially corrosive environments [30,31].

EDM enhances Ti alloy corrosion resistance by creating layers with
low chemical activity and strong substrate adhesion [1]. The specific
layer characteristics depend on the EDM bath. In low-aggression envi-
ronments, EDM induces microstructural changes that yield a new, highly
corrosion-resistant layer [20]. For water baths (aggressive environ-
ments), EDM thickens the native passive film for greater protection [19].
Particularly, EDMwith hydroxyapatite (HA) solution baths can deposit a
well-compacted, strongly adherent HA layer on the substrate. This also
offers further protection against harsh environments [1,18]. Crucially,
even with imperfections, EDM-produced oxide layers effectively in-
crease corrosion resistance in both water and HA baths. Oil baths can
lead to the formation of heterogeneous TiC layers, promoting galvanic
corrosion and reducing corrosion resistance compared to untreated
samples. Conversely, aggressive environments like deionised water and
HA baths encourage the formation of protective oxide layers, enhancing
corrosion resistance. Additionally, EDM capacitance plays a crucial role,
as excessive capacitance can induce cracks in the oxide layer, while
insufficient capacitance may hinder its formation, both negatively
impacting corrosion resistance [32].

While existing research has explored the short-term corrosion resis-
tance of EDMed Ti64 [32], the long-term behaviour and the influence of
different EDM bath types remain understudied. This study aims to
address this gap by investigating the corrosion resistance of Ti64
machined using EDM with three distinct baths: oil, distilled water
(water), and a HA solution in distilled water (HA). The surface
morphology and cross-sections have been examined using scanning
electron microscopy and the chemical composition has been assessed
with energy dispersive spectroscopy. The electrochemical impedance
spectroscopy (EIS) employed to analyse the corrosion resistance and
mechanisms of the samples over long immersion times in simulated
body fluid (SBF), providing valuable insights for bioimplant
applications.

2. Experimental methods

2.1. Materials and EDM experiments

A rectangular Ti-6Al-4V Grade 5 sheet (55 mm × 80 mm with 3 mm
thickness) served as the workpiece material for EDM machining. Ex-
periments were conducted on a Hurco 50A Mark 2 die sinking EDM
machine using a 6 mm solid graphite electrode. Three dielectric fluids
were investigated: EDM oil, deionised water, and a 10 g/L HA (particle
sizes ranging from 10 to 15 µm, supplied by Medicoat SAS based in
France) mixture in deionised water. A digital mixer ensured continuous
agitation and prevented HA particle sedimentation during machining.
The EDM capacitance was set to 10 nF, resulting in varying average
pulse currents based on the bath (0.61 A for water, 0.83 A for HA water,
1.06 A for oil). A summary of the experimental conditions is presented in
Table 1. Each test condition was repeated three times for a total of nine
EDMed surfaces (three per bath) for corrosion analysis. The experi-
mental setup is illustrated in Fig. 1 and representative images of the
machined surfaces are presented in Fig. 2.

2.2. Electrochemical analyses

EDMed samples were used as received, while non-EDMed samples
were polished with P1200 silicon carbide abrasive paper. Samples were
cleaned with detergent, rinsed with water, and finally cleaned with
isopropanol before testing. The chemical composition of SBF is detailed
in Table 2, and is closely resembles those employed in previous research

[6,12,33,34]. The chemical agent used were supplied by
Merck-Sigma-Aldrich. The pH was adjusted using a pH metre (Jenway
350 pH metre supplied by Scientific Laboratory Supplies) and main-
tained at 37.5 ◦C with a hot plate (Stuart, SB162 provided by BioCote).

The electrochemical tests were carried out with a potentio/galva-
nostat (Interface1010E) from Gamry Instruments Inc. A potentiostat/
galvanostat was used with Gamry software for data acquisition and
analysis. The three-electrode cell was employed on electrochemical
trials. The reference electrode was silver/silver chloride in 3 M KCl (Ag/
AgCl 3 M KCl) with double junction (EDT direct ion limited). The
counter electrode was a platinum wire with 0.7 mm diameter (Cook-
songlod Heimerle + Meule Group). The working electrodes were the
samples. The electrochemical impedance spectroscopy (EIS) testing was
used for the corrosion analysis. The tests were conducted with 10 mV
potential amplitude in root mean square, a frequency range from 10–2

Hz to 105 Hz and 10 points per frequency decade.
To assess corrosion evolution, EIS was conducted at various im-

mersion times (2 to 2352 h (14 weeks)). Equivalent circuit method was
used to analyse the obtained data with Gamry software. Each test was
repeated at least three times to check results consistency.

To ensure consistent SBF ion concentrations throughout the testing
period, samples were capped with plastic film between measurements to
minimise evaporation. In the rare event of slight volume loss, distilled
water was added (two to three times) to restore the original SBF volume,
carefully avoiding any significant changes in concentration.

2.3. Surface and microstructure analysis

The EDM surfaces were analysed before and after the corrosion
process using various microscopy techniques. To assess surface topog-
raphy and roughness, a Bruker Contour GT-K 3D (Bruker) white light
interferometer equipped with Vision 64 software (optical light profil-
ometer) was used. The average areal surface roughness (Sa) values were
used to compare the surface roughness of EDM surfaces under different
dielectric fluid conditions and capacitance settings. Scanning Electron
Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS) was
employed to analyse the surface characteristics and chemical composi-
tion of the samples. The SEM analysis was conducted at 10 kV with a
beam current of 8.0 nA, a spot size of 2.0, secondary and backscattered
electrons. Standard Buehler grinding methods were used to prepare the
samples for SEM analysis. This was followed by polishing with a fin-
ishing grit of 0.05 μm. After polishing, a vibratory polisher with a silica
suspension liquid (VibroMet™) was used for a two-hour treatment.

3. Results and discussion

3.1. EDMed surface and microstructure analysis

Fig. 3 shows the average surface roughness (Sa) of EDMed and non-
EDMed surfaces under different bath conditions. Surfaces machined in
oil have the highest roughness (Sa = 3.68 µm) due to larger crater

Table 1
Key parameters and settings for the EDM experiment.

Parameter Description

EDM machine Hurco 50A Mark 2
Workpiece Ti6Al4V (Ti64)
Electrode Solid circular graphite (6 mm in dia.)
Dielectric fluid • Fully Synthetic Dielectric Oil (Corsmot EDM/CH PLUS)

• Deionised water,
• Hydroxyapatite (HA) mixed in deionised water (10 g/L HA

concentration)
Pulse time (µs) 20
Duty cycle (%) 50
Capacitance (nF) 10
Polarity
(electrode)

Negative
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formations. Conversely, surfaces treated in deionised water (Sa = 3.23
µm) and especially those machined with HA-mixed deionised water (Sa
= 2.55 µm) exhibit significantly lower roughness with smaller craters,
contributing to smoother overall topographies. Particularly, HA-mixed
deionised water also demonstrates superior repeatability, with a lower
standard deviation (0.151) compared to oil (0.809) and deionised water
(1.021).

SEM analyses (Fig. 3) of top view of the EDMed sample reveals more
pronounced crack formation on surfaces treated with deionised water
compared to those machined in oil. This observation aligns with the
roughness data and suggests a connection between crack formation and
surface morphology. Furthermore, surfaces treated with HA-mixed
deionised water exhibit less crack formation, further supporting the
beneficial effects of this bath composition.

Cutting fluids significantly influence crack formation and
morphology in Ti machining. Fig. 4 focuses on the cross-section of the
EDMed surfaces, their features relevant to corrosion analysis. While
crack formation is evident in both deionised water and HA-mixed

deionised water baths, it appears less prevalent in oil-treated surfaces.
Interestingly, the deionised water bath also leads to a thicker white layer
compared to the oil bath. Oil-based fluids offer lubrication but hinder
chip evacuation, promoting microcracks along grain boundaries [28,
35]. Water-based fluids provide excellent cooling but poor lubrication,
potentially leading to larger, interconnected cracks due to increased
stress and possible hydrogen embrittlement [28]. HA fluids can act as a
solid lubricant and form a protective coating [21], potentially reducing
crack formation, but may introduce stress concentrations under specific
conditions. Furthermore, localized melting during EDM can result in an
uneven surface, a heat-affected zone (HAZ), and residual stresses, all of
which vary in morphology depending on the specific dielectric fluid
used [36].

Figs. 5 and 6 present the chemical composition of the sample from a
side view, assessed via EDS mapping (Fig. 5) and element concentration
as a function of depth (Fig. 6). Additionally, carbide formation (TiC) is
observed on oil-treated surfaces (Fig. 5(b) and Fig. 6(b)), while oxide
formation is present on deionised water-treated surfaces (water (Fig. 5
(c) and Fig. 6(c)) and HA (Fig. 5(c) and Fig. 6(c))). These observations
regarding the white layer and potential carbide/oxide formation will be
further addressed in the corrosion analysis section to understand their
impact on corrosion resistance.

3.2. Electrochemical analyses

Fig. 7 shows the evolution of corrosion mechanisms over time for the
samples, as visualised by Nyquist (imaginary vs. real impedance) and
Bode plots (phase angle and impedance modulus vs. frequency). These
results were used to identify six equivalent circuits representing the
various corrosion mechanisms (Fig. 8). These plots are used for
comparing corrosion behaviours of different samples with respect to

Fig. 1. EDM experiment set-up: (a) photograph and (b) schematic diagram illustrating the key components of the EDM setup.

Fig. 2. Representative examples of surfaces (Keyence VHX series digital optical light microscopy picture) created by EDM in (a) oil, (b) deionised water, and (c) a
mixture of HA in deionised water baths.

Table 2
Chemical composition of SBF in g/L [6,12,33,34].

Chemical compound Quantity (g/L distilled water)

NaCl 8.035
NaHCO3 0.355
KCl 0.225
K2HPO4⋅3H2O 0.231
MgCl2.H2O 0.311
CaCl2.H2O 0.292
Na2SO4 0.072
(CH2OH)3(CNH2) 6.118
pH 7.400
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immersion time.
First equivalent circuit (Fig. 8(a)): This circuit consists of three-time

constants. The first is represented by a horizontal curve in the Zmod vs. F
plot at 105 Hz, indicating a resistance (R1) [37]. The second is a constant
phase element (CPE2) due to its horizontal curve in the θ vs. F plot from
10–2 Hz to 10–1 Hz, a slope change in the Zmod vs. F plot at the same
frequencies, and a tail at the highest real impedance in the Nyquist plot
[38]. The third time constant comprises of a constant phase element
(CPE3) in parallel with a resistance (R3), evident by an inclined curve in
the Zmod vs. F plot from 10–1 Hz to 103 Hz, an inclined curve followed by
a peak in the θ vs. F plot for the same range, and a positive loop in the
Nyquist plot [39]. These elements are connected in series, with R3
parallel with CPE2 and both in series with R1. This circuit is commonly
used in similar studies [32].

Second equivalent circuit (Fig. 8(b)): This circuit shares the same
elements as the first but adds an extra resistance (R2) in the second time
constant, reflected by the curve inclination at 10–2 Hz in the θ vs. F plot
and the flattening of the loop in the Nyquist plot [40]. This resistance
can also manifest as two peaks in the θ vs. F plot and an additional loop
in the Nyquist plot due to the low overlap between the second- and

third-time constants [40]. R2 is connected in parallel with CPE2. This
circuit has been used by researchers to model the corrosion behaviour of
Ti64 in body fluid [38,40,41].

Third equivalent circuit (Fig. 8(c)): This circuit builds upon the
second by adding another constant phase element (CPE4) in parallel
with an additional resistance (R4). This is identified by an extra peak in
the θ vs. F plot, a slope changes in the Zmod vs. F plot, and another loop in
the Nyquist plot, all observed between 102 Hz and 103 Hz for Bode plots
[34]. CPE4 is connected in parallel with R4 and in series with R3.

Fourth equivalent circuit (Fig. 8(d)): This circuit includes five-time
constants, with the first four resembling the previous circuit. The fifth
time constant is similar to the others, consisting of a constant phase
element (CPE5) in parallel with a resistance (R5) and connected in series
with R4. Similar signals are observed in the Bode and Nyquist plots
compared to the previous circuit, but at higher frequencies (103 Hz to
104 Hz for Bode and medium real impedance for Nyquist).

Fifth equivalent circuit (Fig. 8(e)): This circuit resembles the third
but incorporates an inductor as the fifth time constant. This element is
connected in series with R1 and R2 and in parallel with CPE3. Its presence
is indicated by the negative loop at the lowest real impedance in the

Fig. 3. (a) Averaged areal surface roughness (Sa) and (b) topographic SEM images (Secondary Electron (SE) and Backscatter Electron (BSE)) of the surfaces treated
by EDM under various dielectric bath conditions.

Fig. 4. SEM images with backscattered electrons, illustrating the (a) oil, (b) water, and (c) HA EDM samples in a section view.

J.I. Ahuir-Torres et al. Electrochimica Acta 503 (2024) 144865 

4 



Fig. 5. Cross-sectional EDS elemental mapping images with backscattered electrons of (a) non-EDMed, (b) oil EDMed, (c) water EDMed, and (d) HA EDMed
Ti64 samples.

Fig. 6. Depth-dependant EDS analysis (with backscattered electrons) of (a) non-EDMed, (b) oil EDMed, (c) water EDMed, and (d) HA EDMed Ti64 samples.
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Nyquist plot and the negatively sloped curve in the Bode plots between
104 Hz and 105 Hz. Inductors are associated with adsorption-desorption
processes [42–45].

Sixth equivalent circuit (Fig. 8(f)): This final circuit includes a
Warburg impedance element alongside the components from the pre-
vious circuit. This element manifests as a tail at high real impedance in
the Nyquist plot and at 10–2 Hz for both Bode plots. Warburg impedance
is linked to diffusion processes [38,42,46].

The corrosion mechanisms of the samples varied based on their im-
mersion time in the SBF, as evidenced by the distinct equivalent circuits
listed in Table 3. This observation, where different circuits were needed
for the same samples at different immersion times, indicates an evolu-
tion of the corrosion mechanisms over time [6,32].

The equivalent circuits used to model the corrosion mechanisms
were validated by the strong agreement between experimental EIS data
(Fig. 9) and low chi-squared values (Tables 4). Circuit element evolution
varied significantly across sample types.

R1 remained near 10 Ωcm2 for all samples before increasing and then
decreasing over time. The increase occurred around 672 h for most

samples, except HA-EDMed (1512 h). Resistance values ranked as fol-
lows: Water-EDMed > HA-EDMed > Non-EDMed > Oil-EDMed.

The evolution of the second time constant differed between samples.
For non-EDMed samples, R2 remained constant (MΩcm2), while CPE2
decreased, suggesting thinning of the corrosion process [47]. n2 was
initially stable (≈0.9) then decreased (≈0.82), indicating increased
surface roughness [48]. For oil-EDMed samples, values were consistent
across immersion times with exceptions at the beginning (lower R2) and
end (higher R2), potentially indicating increased resistance without
thickening. n2 decreased, suggesting continuous degradation with some
recovery at the end [49,50]. In HA-EDMed samples, CPE2 was constant
(≈µSs-ncm-2), and R2 increased up to 336 h (≈MΩcm2) before
decreasing, suggesting changes in resistance without a change in
thickness. n2 decreased and then increased, indicating increased
roughness followed by smoothing. For water-EDMed samples, CPE2
remained constant (µSs-ncm-2), R2 increased, and n2 fluctuated slightly,
implying increased resistance without affecting thickness or surface
quality [4].

The third time constant also exhibited sample-specific evolution. It

Fig. 7. EIS data (10 nF) for (a) non-EDMed and EDMed Ti64 samples ((b) oil, (c) water, (d) HA baths) immersed in SBF (pH 7.4, 37.5 ◦C) for durations ranging from 2
h to 2352 h (14 weeks).
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fluctuated for most samples, indicating instability [51]. The exception
was water-EDMed, where elements remained constant (R3 at MΩcm2,
CPE3 at µSs-ncm-2, and n3 around 0.7–1.0), suggesting a highly stable
process [52].

The fourth time constant appeared later for some samples (non-
EDMed ≥ 504 h, oil-EDMed≥ 48 h, HA-EDMed≥ 72 h, water-EDMed at
336 h). Trends varied across samples, with non-EDMed showing
increased R4 and decreased CPE4 (thickening with increased resistance
[4,34]), oil-EDMed showing correlated CPE4 and R4 behaviour (thinning
with increased resistance due to compaction [6,34]), HA-EDMed
showing decreased R4 (reduced resistance with constant thickness and
surface quality), and water-EDMed exhibiting fluctuations implying a
dynamic process [51].

Induction (L) appeared at 672 and 1512 h for most samples (except
water-EDMed, only at 672 h). Most had inductances of tens mHcm-2,
with oil-EDMed being the exception with lower values (units of mH/
cm2).

A fifth time constant emerged only in non-EDMed samples (at 72,
504, and 2352 h) and for oil-EDMed (at 2352 h). Generally, in non-
EDMed samples, R5 decreased over time, indicating reduced resis-
tance, while CPE5 and n5 remained mostly constant. Notably, at 2352 h,

higher R5, n5 approaching 0.9, and similar CPE5 implied a smoothing of
the corrosion process surface [5,34] and increased resistance without
thickening [53].

Finally, Warburg impedance appeared only in oil-EDMed samples (at
672 and 1512 h) and decreased over time, indicating a reduction in
diffusion processes [38].

3.3. Microstructure analysis after electrochemical test

After 2352 h of immersion, the sample surfaces exhibited numerous
imperfections, including cracks and pitting (Fig. 10). This damage likely
arises from the localised dissolution of the native passive film, TiC layer,
and EDMed oxidised layer by anions (e.g., Cl-, SO4

–2, and CO3
–2) present in

the solution [4]. The depth of the damage, revealing the internal
microstructure in non-EDM (Fig. 10(a)) and oil-EDMed (Fig. 10(b))
specimens, suggests a severe breakdown of the passive layer and
reduced corrosion resistance. The presence of bright (BSE), round par-
ticles on all sample surfaces, likely composed of cations and ions from
the SBF, indicates heterogeneous salt deposition. These deposits can be
composed of calcium cations and phosphate anions, which are known to
adhere to Ti64 alloy surfaces [17,48]. EDS mapping of the surface
(Fig. 11) confirmed the chemical composition and the presence of a
deposited SBF layer. The heterogeneous nature of this layer was evident
from the micro-spherical clusters composed of Ca, Al, O, C, and P
observed on the surface of all samples.

SEM with BE revealed a deposited layer on the surface of all samples
(Fig. 12). This deposition is likely the result of SBF cations and ions
interacting with the surface at high temperatures (37.5 ◦C) over the
extended immersion period [17,48]. Cross-sectional analysis showed an
absence of deep, new cracks within the samples, suggesting that the
observed corrosion damage is primarily confined to the surface.

EDS analysis confirmed SBF salt deposition on the specimen surfaces,
as evidenced by the presence of O and Ca within the top layer (Figs. 13
and 14). This deposited layer also contained Ti and alloying elements (Al
and V), suggesting its integration with the underlying substrate. The
heterogeneous and discontinuous nature of the layer’s chemical
composition indicated variations in salt deposition between specimens.

Fig. 8. Equivalent circuits used to model the corrosion mechanisms of the samples at different immersion times: (a) first, (b) second, (c) third, (d) fourth, (e) fifth,
and (f) sixth.

Table 3
Summary of the equivalent circuit associated to each sample and immersion
time.

Immersion
Time (h)

Type of Equivalent Circuit

Non-EDMed Oil EDMed HA EDMed Water EDMed

2 Second Second First First
24 Second Second Second Second
48 Second Third Second Second
72 Second Fourth Third Second
96 Second Fourth Third Second
336 Second Fourth Third Third
504 Third Fourth Third Third
672 Fifth Sixth Fifth Fifth
1512 Fifth Sixth Fifth Third
2352 Third Fourth Third Fourth
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Element concentrations generally followed the order: EDMed with oil
(Figs. 13(b) and 14(b)) ≈ EDMed with HA (Figs. 13(d) and 14(d)) >
EDMed with water (Figs. 13(c) and 14(c)) > Non-EDMed (Figs. 13(a)
and 14(a)). This suggests that the initial deposited layers may have a
higher salt concentration. High surface roughness and suitable surface
chemistry likely accelerate salt deposition [15,54,55]. Notably, beneath
the deposited layer, the concentrations of Ti64 elements were reduced in
localized areas, accompanied by the presence of O. This indicates sub-
strate oxidation beneath the deposited layer, likely facilitated by im-
perfections (pores and cracks) that allow oxygen access to the Ti64
surface [15].

The absence of cytotoxic V and potentially harmful Al in the
deposited SBF layer of HA-EDMed samples is a notable finding, sug-
gesting reduced risk of adverse effects and enhanced biocompatibility
compared to other EDM treatments [3,10]. While Al was detected in

other samples, its absence in HA-EDMed samples may offer further
benefits in terms of long-term safety. This highlights the potential of
HA-EDM treatment to minimize the release of potentially harmful ions,
making it a promising approach for improving the biocompatibility of Ti
implants.

3.4. Corrosion evolution over the time assessment

Controlled EDM experiments, correlated with detailed characterisa-
tion and electrochemical EIS analysis, have revealed distinct differences
in the corrosion behaviour of Ti64 alloy samples. This study demon-
strates that both the EDM bath composition and the formation of surface
layers significantly influence the way corrosion evolves over time in
SBF. Electrochemical analysis findings were further corroborated by a
post-corrosion microstructure analysis, which aided in the identification

Fig. 9. Experimental and simulated EIS data for (a) non-EDMed and EDMed Ti6Al4V immersed in (b) oil, (c) distilled water, and (d) hydroxyapatite dissolution (HA)
in SBF (pH 7.4, 37.5 ◦C). Samples were compared across different immersion times, with changes in the equivalent circuit analysed for each individual sample.
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Table 4
Values of the equivalent circuit elements for non-EDMed, oil, Ha and water EDMed samples according to the immersion time in SBF.

Time
(h)

R1

(Ωcm2)
R2 (Ωcm2) CPE2 (Ssn/

cm2)
n2 R3 (Ωcm2) CPE3 (Ssn/cm-

2)
n3 R4

(Ωcm2)
CPE4 (Ssn/
cm2)

n4 R5 (Ωcm2) CPE5 (Ssn/cm-

2)
n5 W

(Stcm-2)
t (s1/2) L

(H/cm2)
X2

(10–4)

Non-EDMed sample
2 8.76 1.10 ×

106
1.96 × 10–5 0.94 2.21 ×

102
1.19 × 10–3 0.86 – – – – – – – – – 9.12

24 10.02 1.68 ×

106
2.05 × 10–5 0.93 3.10 ×

102
1.33 × 10–3 0.86 – – – – – – – – – 7.49

48 8.17 9.01 ×

105
1.94 × 10–5 0.94 2.60 ×

106
2.43 × 10–6 0.80 – – – – – – – – – 8.39

72 9.41 4.72 ×

105
1.87 × 10–5 0.94 1.30 ×

106
5.27 × 10–7 0.95 – – – – – – – – – 11.20

96 8.57 1.09 ×

106
1.93 × 10–5 0.94 6.41 ×

107
1.59 × 10–5 0.90 – – – – – – – – – 3.18

336 6.14 3.25 ×

106
2.04 × 10–5 0.92 5.52 ×

102
3.44 × 10–7 0.91 – – – – – – – – – 3.83

504 6.90 3.02 ×

106
1.50 × 10–5 0.90 2.34 ×

101
3.12 × 10–6 0.83 38.90 4.79 × 10–6 0.92 – – – – – – 7.25

672 118.44 9.35 ×

106
1.07 × 10–5 0.93 1.31 ×

105
1.11 × 10–5 0.86 127.00 3.33 × 10–9 1.00 – – – – – 2.99 ×

10–2
391.00

1512 89.72 1.54 ×

105
5.81 × 10–6 0.94 1.28 ×

106
7.11 × 10–7 0.73 914.00 2.64 × 10–9 1.00 – – – – – 3.99 ×

10–2
932.00

2352 2.47 2.82 ×

106
6.72 × 10–6 0.82 6.62 ×

103
1.24 × 10–7 1.00 166.00 1.21 × 10–5 0.99 – – – – – – 9.46

Oil EDMed Samples
2 5.53 2.11 ×

102
6.72 × 10–3 0.74 3.96 ×

104
6.36 × 10–6 0.71 – – – – – – – – – 10.70

24 7.76 4.38 ×

102
1.05 × 10–4 0.74 2.40 ×

104
2.66 × 10–6 0.96 – – – – – – – – – 7.30

48 12.62 1.89 ×

104
1.18 × 10–4 0.70 2.06 ×

106
4.87 × 10–4 0.97 404.00 9.51 × 10–5 0.75 – – – – – – 3.81

72 7.63 1.67 ×

104
1.01 × 10–4 0.71 2.36 ×

106
2.10 × 10–6 0.90 7.20 1.80 × 10–7 0.99 4.93 ×

102
1.26 × 10–4 0.73 – – – 4.52

96 10.45 1.56 ×

104
1.28 × 10–4 0.70 1.38 ×

105
5.08 × 10–4 1.00 12.60 9.84 × 10–7 0.78 3.09 ×

102
1.05 × 10–4 0.77 – – – 6.29

336 2.90 7.76 ×

103
1.40 × 10–4 0.73 1.67 ×

105
4.71 × 10–4 0.98 12.00 2.70 × 10–6 0.76 2.75 ×

102
1.29 × 10–4 0.78 – – – 4.89

504 14.91 1.33 ×

104
2.02 × 10–4 0.63 2.67 ×

108
2.79 × 10–4 1.00 22.80 1.17 × 10–6 0.78 8.91 ×

101
8.74 × 10–5 0.62 – – – 9.98

672 37.87 2.95 ×

103
1.47 × 10–5 0.61 8.89 ×

103
4.74 × 10–5 0.84 244.00 2.10 × 10–8 1.00 – – – 2.84 ×

10–2
0.92 2.84 ×

10–3
512.00

1512 29.52 5.33 ×

103
2.43 × 10–4 0.65 8.12 ×

104
3.38 × 10–4 1.00 71.30 3.23 × 10–5 0.79 – – – 3.00 ×

10–3
16.87 3.00 ×

10–3
60.30

2352 6.27 6.22 ×

106
4.44 × 10–4 0.96 4.40 ×

105
4.61 × 10–3 0.54 925.00 2.68 × 10–4 0.73 2.80 ×

103
9.70 × 10–5 0.92 – – – 1.70

HA EDMed Samples
2 6.37 – 6.65 × 10–6 0.78 4.18 ×

103
5.17 × 10–6 0.80 – – – – – – – – – 7.81

24 6.73 4.52 ×

103
6.82 × 10–6 0.78 5.42 ×

106
8.88 × 10–6 0.68 – – – – – – – – – 13.20

48 5.89 3.30 ×

103
6.25 × 10–6 0.79 2.08 ×

106
1.08 × 10–5 0.66 – – – – – – – – – 4.58

72 6.25 8.62 ×

105
8.93 × 10–6 0.72 1.72 ×

107
1.97 × 10–2 0.84 5380.00 7.19 × 10–6 0.78 – – – – – – 20.50

96 5.25 1.30 ×

106
1.21 × 10–5 0.65 4.74 ×

105
2.47 × 10–4 0.88 3350.00 6.77 × 10–6 0.79 – – – – – – 13.70

(continued on next page)
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Table 4 (continued )

Time
(h)

R1

(Ωcm2)
R2 (Ωcm2) CPE2 (Ssn/

cm2)
n2 R3 (Ωcm2) CPE3 (Ssn/cm-

2)
n3 R4

(Ωcm2)
CPE4 (Ssn/
cm2)

n4 R5 (Ωcm2) CPE5 (Ssn/cm-

2)
n5 W

(Stcm-2)
t (s1/2) L

(H/cm2)
X2

(10–4)

336 3.52 2.31 ×

106
1.54 × 10–5 0.64 9.62 ×

105
2.02 × 10–9 0.91 4100.00 4.83 × 10–6 0.80 – – – – – – 6.50

504 3.86 7.64 ×

103
6.66 × 10–6 0.66 5.26 ×

106
1.11 × 10–5 0.69 224.00 1.48 × 10–6 0.75 – – – – – – 1.40

672 77.78 3.33 ×

103
1.74 × 10–6 0.94 3.88 ×

105
1.54 × 10–5 0.73 990.00 1.21 × 10–7 0.76 – – – – – 5.53 ×

10–2
420.00

1512 237.52 2.15 ×

103
1.20 × 10–6 1.00 2.83 ×

106
1.67 × 10–5 0.72 100.00 4.04 × 10–9 1.00 – – – – – 7.89 ×

10–2
438.00

2352 6.31 2.08 ×

103
7.45 × 10–6 0.69 4.11 ×

106
9.11 × 10–6 0.78 147.00 2.42 × 10–6 0.73 – – – – – – 8.33

Water EDMed Samples
2 8.46 – 6.60 × 10–6 0.84 1.89 ×

103
2.94 × 10–6 0.85 – – – – – – – – – 10.60

24 6.01 3.91 ×

103
8.00 × 10–6 0.82 3.15 ×

106
4.64 × 10–6 0.83 – – – – – – – – – 5.94

48 6.61 2.83 ×

103
7.80 × 10–6 0.83 3.90 ×

106
5.78 × 10–6 0.80 – – – – – – – – – 4.15

72 8.65 5.48 ×

103
6.64 × 10–6 0.84 6.98 ×

106
5.14 × 10–6 0.80 – – – – – – – – – 4.20

96 5.83 2.94 ×

103
6.95 × 10–6 0.84 8.72 ×

107
6.74 × 10–6 0.78 – – – – – – – – – 7.61

336 6.11 1.04 ×

104
5.18 × 10–6 0.77 3.23 ×

106
4.95 × 10–6 0.80 136.00 4.27 × 10–7 0.87 – – – – – – 31.70

504 5.44 1.18 ×

104
6.75 × 10–6 0.72 1.28 ×

107
2.39 × 10–6 0.89 94.80 1.32 × 10–6 0.80 – – – – – – 56.20

672 292.92 1.26 ×

104
2.47 × 10–6 0.96 4.48 ×

106
5.37 × 10–6 0.75 908.00 3.88 × 10–9 1.00 – – – – – 3.21 ×

10–2
463.00

1512 15.51 4.54 ×

103
6.61 × 10–6 0.70 2.02 ×

106
4.64 × 10–6 0.85 322.00 3.39 × 10–6 0.69 – – – – – – 7.71

2352 28.15 1.24 ×

106
7.66 × 10–6 0.81 8.33 ×

106
3.24 × 105 1.00 294.00 3.12 × 10–7 0.77 2.31 ×

103
6.55 × 10–6 0.77 – – – 7.92
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and classification of various corrosion products formed on the surface.
EIS analyses highlighted that, depending on the EDM treatment and
subsequent immersion time, Ti64 samples exhibited dissimilar corrosion
mechanisms.

EIS analysis revealed several time constants corresponding to distinct
corrosion processes. Particularly, R1 consistently represented the solu-
tion resistance (Rs) across all samples [40]. The second time constant
was associated with the passive film for most samples, except for the

Fig. 10. SEM images (SE) showing surface damage on Ti64 samples after 2352 h in SBF (pH 7.4, 37.5 ◦C). (a) Non-EDMed, (b) oil-EDMed, (c) water-EDMed, (d)
HA-EDMed.

Fig. 11. EDS elemental mapping images of the sample surfaces after 2352 h of immersion in SBF (pH 7.4, 37.5 ◦C): (a) Non-EDMed, (b) oil-EDMed, (c) water-EDMed,
(d) HA-EDMed.
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oil-EDMed samples at the initial immersion times (2 and 24 h), where it
related to the TiC layer [40]. This time constant encompassed the double
layer capacitance (CPEf) and exponent (nf) alongside the charge transfer
resistance (Rf) of the passive film [38,44,49,56]. The third time constant
consistently represented the bare material for all samples, with CPE3
(CPEdl) reflecting the double layer capacitance associated with the
charge separation process, and R3 (Rct) corresponding to the charge
transfer resistance [38,44,49,56]. The inductior (L) and Warburg
impedance (W) appeared in some samples, signifying the influence of
adsorption-desorption processes on the deposited layer and the diffusion
impedance arising from cracks and pores [38].

The fourth time constant, representing the dissolution of deposited
elements, manifested in most samples, while the oil-EDMed samples
exhibited it in the fifth time constant. This deposition likely arises due to
the high temperature (37.5 ◦C) and long-term immersion, leading to the
formation of an additional protective layer on the metallic surface [48].
The double layer capacitance (CPEde) and exponent (nde) along with the
charge transfer resistance (Rde) within this time constant characterized
the deposited layer. Interestingly, for the oil-EDMed samples, the fourth
time constant specifically related to the TiC layer, denoted by CPETiC,

nTiC, and RTiC [57]. This highlights the distinct protective properties of
the TiC layer compared to the passive film. Finally, the fifth time con-
stant in water-EDMed samples represented the sub-passive film, denoted
by Rsf, CPEsf, and nsf [4]. This indicates the potential formation of a
secondary passive layer beneath the primary one under specific
conditions.

The corrosion mechanism evolution for each sample type is illus-
trated schematically in Fig. 15. Non-EDMed samples exhibited a four-
stage evolution (Fig. 15(a)). Initially (2 to 336 h), the corrosion mech-
anism was characterised by passive film formation and bare material
exposure [4]. The passive film thickness increased continuously over
time. The second stage (504 h) introduced the deposition of dissolved
SBF elements onto the sample surface, forming an additional protective
layer [17]. Both the resistance and thickness of this layer increased with
time, suggesting a correlation between corrosion resistance and layer
thickness [4]. At the third stage (672 to 2352 h), an
adsorption-desorption process involving water, O, and deposited ele-
ments was observed. This process, likely influenced by elements like
magnesium [51] was absent in the final stage (2532 h) where the
deposited layer thinned. This thinning could be due to re-dissolution or

Fig. 12. SEM cross-section images (secondary electrons) revealing deposited SBF layers on Ti64 samples after 2352 h in SBF (pH 7.4, 37.5 ◦C). Treatments include:
(a) Non-EDMed, (b) oil-EDMed, (c) water-EDMed, (d) HA-EDMed.

Fig. 13. Cross-sectional EDS elemental maps of Ti64 samples after 2352 h of immersion in SBF (pH 7.4, 37.5 ◦C): (a) Non-EDMed, (b) oil-EDMed, (c) water-EDMed,
and (d) HA-EDMed.
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degradation related to the adsorption-desorption process. The evolution
of the deposited layer – its deposition, growth, and reduction – signifi-
cantly influenced the solution resistance (Rs), with deposition and
growth increasing Rs and dissolution decreasing it.

The corrosion mechanism evolution for oil-EDMed samples
comprised five distinct stages (Fig. 15(b)). Initially (2 to 24 h), the
dominant processes were TiC interaction and bared material exposure.
The high initial surface roughness of the TiC layer (as indicated by low
nTiC (≈0.7) [15,34]) likely contributed to the observed fluctuations in
layer thickness and decreasing resistance while the layer underwent
degradation [32,41]. At 48 h, passive film formation began, likely under
the existing TiC layer [4,18]. Fluctuations in passive film thickness and
resistance suggest instability, potentially due to limited and variable O
access [15]. From 72 to 504 h, SBF deposition created a layer that
decreased in resistance while increasing in thickness. This is likely due
to imperfections within the layer [15]. The layer’s roughness (low nde
[16,34] is influenced by the substrate topography [15,54,55]. In the
fourth stage (672 to 1512 h), adsorption-desorption processes were
observed, and diffusion processes replaced the earlier deposition. Im-
perfections within the layer likely contributed to the decreased resis-
tance and diffusion impedance [15]. Finally (2352 h), the corrosion
mechanism resembled the third stage, but the deposited layer showed

improved resistance and reduced roughness. This suggests that
re-deposition might have blocked imperfections, hindering diffusion
[15] and promoting a more homogeneous layer formation [54,55].
Interestingly, the solution resistance (Rs) evolved similarly to the
non-EDMed samples.

The corrosion mechanism of HA-EDMed samples evolved in five
stages (Fig. 15(c)). Initially (2 h or less), the mechanism mirrored the
non-EDMed samples, but the passive film resistance was too high for
accurate calculation [58]. Between 24 and 48 h, the passive film resis-
tance decreased and later increased until 336 h. While the passive film
thickness remained constant, the roughness increased over time. This
suggests that the crack-rich passive film formed during EDM [13,15]
gradually sealed, increasing resistance. However, subsequent interac-
tion of Ca and P ions with TiOx led to local passive film dissolution and
decreased resistance [4], also contributing to increased roughness (as
indicated by nf values [16]). From 72 to 504 h, SBF deposition formed a
rough layer (nde≈0.7 [20]) influenced by the initial substrate roughness
[54,55]. Despite the expected deposition over time, the layer resistance
decreased, likely due to localized dissolution by water creating imper-
fections [13]. Solution resistance (Rs) followed a similar trend to pre-
vious cases. The final two stages (4 and 5) mirrored those of non-EDMed
samples, likely due to the similar chemical composition of the deposited

Fig. 14. Depth-dependant EDS analysis (with backscattered electrons) of (a) non-EDMed, (b) oil EDMed, (c) water EDMed, and (d) HA EDMed Ti64 samples after
2352 h of immersion in SBF (pH 7.4, 37.5 ◦C).
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layers (TiOx).
Water-EDMed samples exhibited a six-stage corrosion mechanism

evolution (Fig. 15(d)). The first five stages mirrored those of HA-EDMed
samples in terms of corrosion processes, but with differing timeframes
(except for the initial 2-hour stage). Specifically, the second stage
occurred from 24 to 96 h, the third from 336 to 504 h, the fourth at 672
h, and the fifth at 1512 h. Unlike HA-EDMed samples, the water-EDMed
samples’ passive film maintained constant thickness and resistance,
while surface roughness decreased (increasing nf). This suggests that the
EDM-induced surface relief is gradually reduced due to passive film
growth and blockage of defects [4,13,15]. The deposited layer charac-
teristics fluctuated, likely due to cyclical deposition-dissolution and
damage-recovery processes [15]. The adsorption-desorption process
was observed only at 672 h, indicating the strong influence of substrate
topography and chemical composition on the deposited layer. In the
final stage (2352 h), a unique mechanism emerged, including a depos-
ited layer, sub-passive film, passive film, and bared material. This for-
mation of a secondary passive film could be due to the high porosity of
the original film [13]. Solution resistance (Rs) evolved similarly to
previous sample types.

Oil-EDMed samples exhibited a unique corrosion process associated
with the distinct TiC layer formed during EDM. This layer’s chemical
composition differs significantly from the TiOx-based passive film,
making it electrochemically distinguishable [57]. In contrast, the EDM
layers on water-EDMed and HA-EDMed samples, also composed of TiOx,
are electrochemically like the native passive film.

While SBF deposition occurred on all sample surfaces, the initiation
time varied. Oil-EDMed and HA-EDMed samples showed the shortest
deposition times, likely due to the carbon in the TiC layer promoting SBF
element adhesion [24], and the presence of HA enhancing deposition on
the HA-EDMed samples [22]. Increased surface roughness also encour-
ages deposition by enlarging the contact area [54,55], explaining the

faster deposition on water-EDMed samples compared to the smoother
non-EDMed samples.

The total resistance of the samples was defined the sum of all re-
sistances (Rf, Rct, Rde, RTiC and Rsf). This resistance is more or less the
same the polarisation resistance (Rp) that in turns is inversely propor-
tional to corrosion current density (Icorr) [59], as indicat Eq. (1) [32].

Icorr =
βa × βc

2.303(βa + βc) × Rp
(1)

Where βa and βc are the anodic and cathodic slopes, respectively. Icorr
is proportional to the corrosion rate (C.R.), as showing the Eq. (2) [19,
48,51].

C.R. =
Icorr ×M
e× F × ρ (2)

The corrosion rate (C.R.) was calculated using the Faraday equation,
where M, e, F, and ρ represent molar mass, number of electrons trans-
ferred, Faraday’s constant, and material density, respectively. Higher
total resistance values signify lower C.R. and, consequently, better
corrosion resistance. Fig. 16 depicts the evolution of total resistance over
time for each sample type.

All samples initially exhibited an increase in total resistance, likely
due to the formation and growth of protective layers (passive film and
deposited layer [4]). This initial growth phase varied in duration:
shortest for oil and HA-EDMed samples (72 h) and longest for
water-EDMed and non-EDMed specimens (96 h). Protective layers with
homogeneous chemical compositions generally offer superior corrosion
resistance due to the reduced formation of microgalvanic cells [32].

Beyond a certain immersion time, total resistance decreased, indi-
cating a decline in corrosion resistance. This likely stems from localized
dissolution of the passive film by anions (Cl- and SO4

–2), creating im-
perfections that compromise its integrity [50]. The decline continued

Fig. 15. Corrosion mechanism evolution over the time in SBF immersion for (a) non-EDMed, (b) oil, (c) water, and (d) HA samples.
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until the end of the testing for oil-EDMed and non-EDMed samples.
However, water and HA-EDMed samples showed resistance stabilization
around 504 and 336 h, respectively, potentially due to the thicker, more
stable passive films created by EDM. Note that this effect was absent for
oil-EDMed samples, likely due to the heterogeneous chemical compo-
sition of the TiC layer promoting microgalvanic corrosion [32].

Samples ranked as follows in terms of overall total resistance: water-
EDMed > HA-EDMed > non-EDMed > oil-EDMed. Resistance is known
to be proportional to passive film thickness [4], and heterogeneous
chemical composition compromises corrosion resistance [32]. While HA
adhesion on HA-EDMed samples introduces some heterogeneity, the
absence of this effect and the likely thicker passive film explain the su-
perior resistance of water-EDMed samples. The heterogeneous compo-
sition of the oil-EDMed samples accounts for their lowest resistance
ranking.

5. Conclusion

This study elucidated the long-term corrosion mechanisms of Ti64
samples fabricated via EDM using different bath types in simulated body
fluid (SBF). The findings demonstrate that:

(1) Corrosion mechanisms vary significantly based on the EDM bath.
While SBF deposition occurs on all surfaces over time, forming a
potentially biocompatible protective layer, deposition rates
differ. Oil and HA-EDMed samples exhibit the fastest deposition,
suggesting enhanced biocompatibility.

(2) Oil-EDMed samples uniquely form a passive film beneath the TiC
layer at 48 h, highlighting the layer’s permeability. An
adsorption-desorption process occurs around 672 h of immersion
for most samples, with water-EDMed samples exhibiting an
earlier cessation.

(3) Corrosion resistance initially increases for all samples but de-
creases over time. However, water and HA-EDMed samples
demonstrate long-term stabilization, suggesting better corrosion
resistance than non-EDMed samples. Oil-EDMed samples exhibit
the poorest corrosion resistance, potentially due to their hetero-
geneous composition.

(4) Despite presenting the highest corrosion resistance, HA-EDMed
samples offer greater potential for biomedical implants due to
their superior biointegration. This approach provides a cost-
effective and efficient route to fabricate Ti64 surfaces with
excellent corrosion resistance and biocompatibility, holding sig-
nificant promise for the biomedical industry.
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[46] J. Navarro-Laboulais, J. Garcıá-Jareño, F. Vicente, Kramers–Kronig transformation,
dc behaviour and steady state response of the Warburg impedance for a disk
electrode inlaid in an insulating surface, J. Electroanal. Chem. 536 (2002) 11–18.

[47] M.V. Diamanti, F. Bolzoni, M. Ormellese, E. Pérez-Rosales, M. Pedeferri,
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