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Abstract 10 

Titanium alloys, such as Ti6Al4V, are widely employed in the biomedical industry for 11 

implant applications due to their favourable properties. However, these alloys can experience 12 

long-term corrosion in the presence of bodily fluids, which is a critical concern for implants 13 

as it affects their timespan. Therefore, this study aimed to examine the corrosion resistance of 14 

Ti6Al4V in body fluid. Highly desirable electrical discharge machining (EDM) techniques 15 

used for Ti6Al4V sample preparation with three different conditions (oil, deionized water, 16 

and hydroxyapatite mixed in deionized water). Corrosion was assessed using electrochemical 17 

analyses, with microstructural analysis. Results indicated that the samples produced using 18 

water and oil had the best and lowest corrosion resistance, respectively. Protective oxide layer 19 

formed during the EDM in water while heterogeneous surface was produced for EDM in oil. 20 

The increase in capacitance leads to the thickening of the oxide layer, thereby enhancing the 21 

corrosion resistance.  22 

Keywords: Ti6Al4V; Electrical Discharge Machining; Corrosion; Electrochemical Analyses. 23 
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1. Introduction 25 

 Titanium alloys, specifically Ti6Al4V, are widely employed as implant for the 26 

biomedical industry owing to the excellent properties as good corrosion resistance and 27 

excellent biointegrity [1-5].The increasing life expectancy has, nevertheless, necessitated the 28 

need to extend the lifespan of implants to span several decades. The aggressive environment 29 

of the body fluid can corrode the Ti6Al4V at long-term. This can decrease the biointegrity 30 

and lifetime of this metallic material and produce the loosing of the implant after long-term 31 

[1, 4, 6]. The titanium dental implant can be corroded in saliva environment due to fluorine 32 

ions. Ti6Al4V passive film can be dissolved in the environment via the reaction of the 33 

fluorine ions that is highly chemical affinity to the titanium [5, 7]. Chlorine, sulphate and 34 

phosphate ions of the blood can also react the passive film of Ti6AlV, causing the breaking 35 

down the film and beginning the corrosion the implant [4, 6, 8]. The breaking of the passive 36 

film is furthermore encouraged by the body temperature (37.5° C). The increase of the 37 

temperature accelerates the ion reactions with the passive film [4, 9]. In addition to the loss of 38 

the implant, the corrosion of Ti6Al4V can provoke other health problems because of the 39 

alloying elements. Aluminium is associated to the Alzheimer while vanadium is cytotoxic [3, 40 

10]. Thus, the increment of the corrosion resistance is an essential to improve the Ti6Al4V 41 

capacities as implants.  42 

 The corrosion resistance of the titanium alloy can be improved using varying 43 

techniques including, anodising [11, 12], plasma electrolytic oxidation [13], electrical 44 

discharge machining (EDM) [1, 14-17], ion implantation [18], sol-gel coatings [19], laser 45 

alloying [2], laser selective melting [20], thermal treatment [8], physical vapour deposition 46 

[21] and chemical vapour deposition [22]. EDM enhanced the corrosion resistance of the Ti 47 

alloy by generating layers with high chemical inactivity and good adhesion on the subtract 48 

[1]. The characteristics of the layers are dependent on the specific EDM conditions and type 49 

of the bath used. In non-aggressive environments, EDM induces microstructural changes in 50 

the titanium alloy, resulting in the formation of a new layer with high corrosion resistance 51 

[17]. When EDM is performed in a water bath, a thick passive film is produced on the 52 

metallic alloy, thereby increasing its corrosion resistance [16]. In the case of the EDM in 53 

hydroxyapatite dissolution bath, in addition to the thick passive film, a hydroxyapatite layer 54 

can be generated on the substrate through particle electrical deposition. This deposited layer 55 

exhibits excellent compaction and adhesion, providing protection for the metallic alloy 56 

against aggressive environments [1, 15]. Although similar effects were found in machined 57 

alloys with bath with carbon nanotubes [2], the hydroxyapatite layer possesses the benefit of 58 

increasing the material biocompatibility [14]. However, it is important to note that despite the 59 

corrosion resistance improvement achieved through EDM on Ti6Al4V, the process can also 60 

introduce cracks and pores. These imperfections can increase the titanium alloy's 61 

susceptibility to corrosion [23, 24]. The occurrence of these imperfections is influenced by the 62 

specific EDM conditions, such as capacitance and bath type [25, 26].  63 

EDM technique furthermore is one of most suitable techniques to machine high 64 

strength and low thermal conductive materials. EDM is a non-contact machining method that 65 

utilizes a series of controlled electrical sparks between the workpiece and an electrode to 66 

erode the material. EDM offers several advantages for Ti alloy machining, including the 67 

ability to achieve intricate shapes, precise tolerances, and excellent surface finishes. 68 
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Additionally, EDM is a relatively low-temperature process, which helps to minimize the risk 69 

of thermal damage or distortion to the titanium alloy workpiece. In the context of bioimplant 70 

applications, the EDM technique enhances biocompatibility and promotes the desired surface 71 

roughness, facilitating improved wettability, hydrophilicity (allowing bone cells to adhere to 72 

the surface), proliferation, and anchorage [27-32].  73 

The influence of EDM conditions on the corrosion resistance of machined Ti6Al4V in 74 

body fluid has been inadequately examined in the existing literature. Therefore, this study 75 

aims to investigate the corrosion resistance of Ti6Al4V machined through EDM under 76 

varying capacitance and bath conditions in simulated body fluid (SBF). The machining 77 

process was conducted using capacitances of 10nF, 100nF, and 500nF, and baths consisting of 78 

oil, water, and hydroxyapatite dissolution (HA). The surfaces and cross-sections of the 79 

samples were analysed using optical light profilometry and scanning electron microscopy, 80 

while the chemical composition was assessed using energy dispersive spectroscopy. The 81 

corrosion resistance and corrosion mechanism were evaluated through various 82 

electrochemical corrosion analyses, including potentiodynamic polarization curves (PPC) and 83 

electrochemical impedance spectroscopy (EIS) before and after the PPC test. 84 

2. Experimental Setup 85 

2.1. Materials and Electrical Discharge Machining  86 

In this study, a Ti-6 wt.% Al-4 wt.% V alloy was used as the workpiece material in the 87 

form of a 3 mm thick sheet. The sheet was cut into a small rectangular piece measuring 55x80 88 

mm. The experiments were conducted using a Hurco 50A Mark 2 die sinking type EDM 89 

machine.  90 

For the electrode material, a solid circular graphite with a diameter of 6 mm was 91 

employed. To perform the EDM experiments under different dielectric conditions, a small 92 

dielectric reservoir was utilised, and the dielectric circulation system of the EDM machine 93 

was disconnected. The experimental setup is shown in Fig. 1. 94 

Three different dielectric fluid conditions were employed in the experiment: EDM oil, 95 

deionized water, and a HA in deionized water. Hydroxyapatite powder, provided by Medicoat 96 

SAS based in France, with particle sizes ranging from 10 to 15 µm was mixed with deionized 97 

water at a concentration of 10 g/L. A digital mixer was used to stir the dielectric fluid, 98 

preventing precipitation of hydroxyapatite powder and accumulation of debris and HA 99 

particles in the machining zone.  100 

The EDM machine's capacitance was set at three different values: 10nF, 100nF, and 101 

500nF. A summary of the experimental parameters is presented in Table 1. Fig. 2 illustrates 102 

the surfaces generated using EDM, consisting of 27 circular surfaces created under various 103 

dielectric fluid and capacitance settings. Each test was repeated three times to ensure the 104 

repeatability of the experiments. 105 
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106 

Figure 1. EDM machining setup (a) EDM set-up, (b) a schematic drawing of the 107 

experimental setup. 108 

Table 1. Summary of EDM parameters used for the experiments.  109 

Parameter Description/Values 
EDM machine Hurco 50A Mark 2 
Workpiece 
material 

Ti6Al4V 

Electrode Solid circular graphite (6 mm in dia.) 

Dielectric fluid 
• Fully Synthetic Dielectric Oil (Corsmot EDM/CH PLUS) 
• Deionised water, 
• HA mixed in deionised water (10g/L HA concentration) 

Pulse time (µs) 20 
Duty cycle (%) 50 
Capacitance (nF) 10, 100, 500 
Polarity 
(electrode) 

Negative 

 110 

Figure 2. Macrostructures of EDMed Ti6Al4V workpiece material under different conditions.  111 
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2.2. Electrochemical Analyses 112 

The non-electrical discharge machined (non-EDMed) samples also were polished with 113 

1200p silicon carbide abrasive paper. All samples were cleaned after electrochemical analyses 114 

with commercial detergent and fresh water soaking, then with distilled water rinsing and the 115 

last cleaning step was isopropanol spray and drying with drier. The aggressive environment 116 

was SBF formed of the next chemical compounds summarised in Table 2 [6, 12, 33]. 117 

Table 2. SBF chemical compounds in g/L [6, 12, 33]. 118 

Chemical compound Quantity (g per litre 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 7.4 
 119 

 The chemical products used were provided by Merck. The pH of the SBF environment 120 

was adjusted using 1 M HCl, and the pH measurements were taken using a pH meter (Jenway 121 

350pH Meter) supplied by Scientific Laboratory Supplies. The temperature of the SBF was 122 

maintained at 315.5 K throughout the testing, achieved using a hot plate (Stuart, SB162) 123 

provided by BioCote.  124 

The electrochemical experiments were conducted using a potentio/galvanostat 125 

(Interface1010E) from Gamry Instruments Inc. The potentio/galvanostat was handled with 126 

Gamry Framework software and the data were evaluated by mean of the Gamry Echem 127 

Analyst software. The three-electrode cell was employed to carry out the electrochemical 128 

analyses. The cell was consisted of a reference, counter and working electrode. The reference 129 

electrode was silver/silver chloride in 3 M KCl (Ag/AgCl 3 M KCl) with double junction, 130 

being supplied by EDT direct ion limited. The counter electrode was a platinum wire of 0.7 131 

mm diameter that was provided by Cooksonglod Heimerle + Meule Group. The working 132 

electrodes were the samples. The electrochemical testing was perturbative of direct current 133 

(PPC) and of alternating current (EIS). PPC and EIS specifications were summarised in Table 134 

3.  135 

Table 3. Selected PPC specifications and EIS set up parameters.  136 

Technique Parameter Value 

PPC 

Open circuit potential time 15 min 
Initial potential Open circuit potential – 0.3 V 
Final potential 2.0 V vs Ag/AgCl 3M KCl 
Potential rate 0.167 mV/s 

EIS 
Potential amplitude in root mean square 10 mV 
Frequency range Form 0.01 Hz to 100000 Hz 
Number of point per frequency decade 10 

 137 
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The samples were analysed with the next sequence of the techniques: EIS, PPC and 138 

EIS. The first EIS was made to study the corrosion mechanism of the non-polarised samples 139 

whilst the second EIS was conducted to understand the corrosion process of the samples 140 

polarised with PPC. The equivalent circuit method was utilised to assess the EIS data. Gamry 141 

Echem Analyst software was employed to develop the equivalent circuit method. All 142 

individual tests were repeated a minimum of three times to ensure the accuracy and reliability 143 

of the data. 144 

2.3. Surface and Microstructure Analysis Methods  145 

The EDM surfaces were analysed before and after the corrosion process using various 146 

microscopy techniques. Surface topography and roughness analyses of the EDM surfaces 147 

were performed using a Bruker Contour GT-K 3D white light interferometer equipped with 148 

Vision 64 software (Optical light profilometer). The average areal surface roughness (Sa) 149 

values were used to compare the surface roughness of EDM surfaces under different dielectric 150 

fluid conditions and capacitance settings.  151 

The surface characteristics and chemical composition of the samples were analysed 152 

using Scanning Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS). 153 

The SEM analysis was conducted at 10 kV with an 8.0 nA current and a 2.0 spot size. To 154 

prepare the samples for SEM analysis, standard Buehler grinding methodology was 155 

employed, followed by polishing using up to 0.05 µm. After polishing, the samples were 156 

subjected to a 2-hour treatment with VibroMetTM using a silica suspension liquid. 157 

3. Results  158 

3.1. Surface and Microstructure Analyses after EDM 159 

Fig. 3 illustrates the experimental results of surface roughness for different capacitance values 160 

(10nF, 100nF, and 500nF) and dielectric conditions (EDM oil, deionized water, and HA in 161 

deionized water). The surfaces machined in EDM oil exhibited higher surface roughness 162 

compared to those machined in deionized water, regardless of the capacitance values. The 163 

surface roughness values demonstrated an increasing trend with the rise in capacitance from 164 

10nF to 500nF, for both dielectric fluids, EDM oil, and water. The heightened capacitance led 165 

to an elevation in the heat energy produced per spark in the EDM system, resulting in the 166 

creation of larger craters on the surface of the workpiece. This effect was particularly 167 

significant due to the occurrence of multiple sparks throughout the EDM erosion process. It 168 

was not possible to observe individual crater formation due to a single spark. Consequently, 169 

numerous craters were formed on the machined surface, contributing to the roughness of the 170 

EDMed surfaces. The surface roughness of the surfaces machined in HA mixed in deionized 171 

water did not exhibit a consistent increasing or decreasing trend with varying capacitance 172 

values. Among the different capacitance values, the surfaces machined with a capacitance of 173 

10nF and HA mixed deionized water showed the highest surface roughness values. This can 174 

be attributed, in part, to the presence of HA powder causing unstable discharging and the low 175 

discharge energy not generating a strong pumping effect to remove debris particles in the 176 

discharging zone. The accumulation of debris particles and HA powder disrupted the 177 

discharging mechanism, resulting in higher surface roughness with a high standard deviation 178 
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of 1.094 at 10nF capacitance. In contrast, the standard deviations of surface roughness 179 

obtained with EDM oil and deionized water at 10nF capacitance were 0.191 and 0.126, 180 

respectively, indicating more stable and repeatable results.  181 

Higher capacitance values allowed the discharge mechanism to generate greater heat 182 

energy and stronger sparks, resulting in an adequate pumping effect that effectively expelled 183 

debris particles and HA powder from the machining region. This led to a more stable and 184 

predictable process. The standard deviations of surface roughness for the surfaces machined 185 

in HA mixed deionized water with capacitance values of 100 nF and 500 nF were 0.194 and 186 

0.290, respectively, indicating improved repeatability compared to the surfaces machined with 187 

a lower capacitance of 10nF. When considering larger capacitance values, such as 100nF and 188 

500nF, EDM with HA mixed deionized water demonstrated superior surface roughness 189 

compared to surfaces machined with EDM oil and water. This improved surface roughness 190 

can be attributed to the alteration of the discharge mechanism due to the inclusion of powder. 191 

The mechanism of powder mixed EDM has been extensively discussed in the literature [27], 192 

where smaller and more frequent discharges are generated in powder EDM. This leads to the 193 

formation of smaller craters with each discharge, ultimately resulting in reduced surface 194 

roughness compared to non-powder EDM processes. 195 

 196 

Figure 3. Average areal surface roughness (Sa) of the EDMed surfaces.  197 

Fig. 4 presents a supporting 3D surface topography obtained from the Bruker 198 

interferometer, where the red colour indicates the distribution of heights from the valley. As 199 

depicted in Fig. 4, the surfaces machined via EDM in oil and deionized water exhibit a 200 

significant increase in roughness as the capacitance values are raised. Additionally, the 201 

surfaces machined in EDM oil tend to have rougher surfaces compared to other surfaces 202 

except the surfaces machined with HA mixed deionized water with 10nF setting. However, 203 

surfaces machined with HA mixed deionized water demonstrate improved surface finish 204 

compared to both EDM oil and deionized water, except when the capacitance value was set to 205 

10nF. 206 
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 207 

Figure 4. Bruker 3D surface topography images of electric discharge machined (EDMed) 208 

surfaces at different capacitance levels: (a-c) 10nF, (d-f) 100nF, and (g-i) 500nF. The images 209 

show the surfaces before corrosion in (a), (d), and (g) oils, (b), (e), and (h) distilled water, and 210 

(c), (f), and (i) a bath containing a mixture of hydroxyapatite and distilled water. 211 

Fig. 5 illustrates the SEM images of cross-sectional view of EDMed samples. 212 

Typically, cross-sectional analysis is conducted in EDM-related research to examine the 213 

characteristics of the white layer (molten layer) including hardness, crack formation, heat-214 

affected zone, and its thickness. However, in this study, the focus is on identifying 215 

characteristics such as cracks or different layer formations that might affect the corrosion 216 

analysis. The resolidified layer (white layer) becomes thicker as the capacitance value 217 

increases, which is directly related to the amount of energy applied to the surfaces. EDM 218 

mechanisms with higher capacitance values generate more significant heat energy, resulting 219 

in a thicker resolidified layer. While electrical discharge machining with EDM oil does not 220 

produce many cracks on the sub-surfaces, machining with deionized water and HA mixed 221 

deionized water leads to the formation of several cracks on the resolidified layer. The cracks 222 

formed with deionized water alone are larger and more prominent compared to the cracks 223 

formed with HA mixed deionized water. The oil EDM sample exhibits voids and holes on the 224 

machined area. The impacts of these characteristics on the corrosion analysis will be 225 

discussed in the subsequent section. 226 
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 227 

Figure 5. SEM images of cross-sectional view of non-corroded EDMed surfaces at (a-c) 228 

10nF, (d-f) 100nF and (g-i) 500nF in (a), (d) and (g) oil, (b), (e) and (h) deionised water 229 

(water) and (c), (f) and (i) HA mixed with distilled bath (HA), where the dotted white line 230 

indicates the presence of the white layer (molten layer).  231 

3.2. Electrochemical Assessments 232 

3.2.1. Potentiodynamic Polarisation Curves, Direct Current. 233 

 All samples were subjected to testing using SBF to generate the potentiodynamic 234 

polarization curve. Fig. 6 illustrates the resulting PPC curve obtained from all samples. As 235 

shown in Fig. 6, the potentiodynamic polarization curves exhibited a similar shape.  236 

The reduction or cathodic branch of the curve appeared as a horizontal line, indicating 237 

that the cathodic reaction is primarily controlled by activation [34]. On the other hand, the 238 

anodic or oxidation branch of the curve displayed a vertical shape at low potential, indicating 239 

the presence of a passive film on the samples [12, 34]. At high potential, the curve exhibited a 240 

slight incline, indicating the occurrence of transpassivation of titanium dioxide (TiO2 [12]) 241 

which transforms into other oxide forms such as TiO4 or non-stoichiometric oxides. These 242 

oxidised forms also possess a protective/passive nature [5, 35, 36] as indicated by the vertical 243 

shape of the curve at the highest potential. The potential at which the transition from 244 

passivation to transpassivation occurs is often referred to as the transpassivation potential (Etp) 245 

[35]. Some samples (EDMed samples at 100nF and 500nF in water and HA bath) exhibited 246 

current fluctuations in the cathodic branch, indicating the generation of metastable 247 

micropitting [35, 36].  248 



10 

 

  249 

 250 

Figure 6. PPC of non-machined (non-EDMed) and electrical discharge machined Ti6Al4V at 251 

10 nF, 100 nF and 500 nF with (a) oil, (b) distilled water (water) and (c) hydroxyapatite 252 

dissolution (HA) in SBF immersion at 7.4 pH and 313 K.  253 

The corrosion characteristics of the samples, such as corrosion potential, corrosion 254 

rate, passivation potential range and passivation rate, polarization resistance, and 255 

transpassivation potential, varied among the different samples (Fig. 7). These features were 256 

determined based on the data obtained from the PPC. The majority of the machined samples 257 

had higher corrosion potential (Ecorr) than that for non-EDMed samples (Fig. 7(a)). The 258 

oxidised layer generated during EDM is nobler than native passive film. The electrical 259 

discharges activate the metal to react with the aggressive environment, producing a compact 260 

oxidised layer [15]. The only exception was the samples machined at 10nF and oil bath where 261 

Ecorr was lower than non-EDMed samples. The low capacitance and aggressiveness of the 262 

environment hinder the completed oxidised layer formation. The imperfections as cracks, 263 

cavities and inhomogeneity can also decrease the nobility of the metallic materials [37]. Ecorr 264 

of the samples produced in more aggressive environment (water and hydroxyapatite 265 

dissolution) was higher than less harsh environment (oil bath). The oxidative environment 266 

produces oxidised layer thicker than the layers created in less harsh bath. The nobility of the 267 

oxide layer is proportional to the thickness and homogeneity [38]. In respect of the 268 

capacitance, EDMed Ti6Al4V samples created at 100nF had higher Ecorr for water and HA 269 

baths. The thickness and homogeneity of the oxide layer also is proportional to capacitance 270 

[1]. An excessive capacitance can produce imperfections (e.g., cracks and pores) and other 271 

oxidised forms that diminishes the nobility of the alloy [2, 23].  272 

The corrosion rate (C.R.corr) of the samples can be observed in Fig.7(b) and these were 273 

estimated using equation (1) [2, 16, 39, 40].  274 
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 Where, Icorr is the corrosion current density, M is the titanium molar mass (47.867 276 

g/mol [41]), ρ is the Ti6Al4V density (4.43 g/cm3 [42]), F is the Faraday´s constant (96500 277 

coulombs per mole (C/mol) [43]) and n is the electron number transferred in the corrosion 278 

reaction (4 electrons [41]). Icorr was estimated with the intersection of the cathodic and anodic 279 

Tafel linear regression [3, 44]. The choice of this particular corrosion feature was based on its 280 

ability to provide a more visually tangible representation of the corrosion kinetics. The 281 

majority of the machined samples had lower C.R.corr than non-machined samples. The 282 

oxidised layer formed during EDM is compact and protective, being a passive film [36, 40]. 283 

The chemical inactivity of the passive film commonly is proportional to its thickness [1]. 284 

Note that the samples machined in hydroxyapatite dissolution bath, the deposition of the 285 

hydroxyapatite on surface can create an extra protective film [1]. Only exceptions were 286 

EDMed samples in oil bath herein only the samples machined at 500nF possessed slower 287 

C.R.corr than non-machined samples. EDMed samples produced in oil bath at 10nF possessed 288 

higher C.R.corr while that for the samples machined at 100nF, C.R.corr was similar to non-289 

EDMed sample C.R.corr. This means that the generation and thickness of the EDMed oxidised 290 

layer is encouraged with the increasing of the capacitance. These oxidised layer features 291 

define the corrosion rate of the samples. The capacitance used in EDM also had an influence 292 

on the corrosion rate (C.R.corr) of the samples fabricated in water and hydroxyapatite bath. For 293 

the samples machined in water, the C.R.corr followed the order of 10nF > 500nF > 100nF. 294 

Lower capacitance values resulted in the formation of a thinner oxidised layer, while higher 295 

capacitance values led to the creation of cracks and imperfections that increased the 296 

susceptibility to corrosion [23]. On the other hand, for the samples produced in the 297 

hydroxyapatite dissolution bath, increasing the capacitance decreased the C.R.corr. This was 298 

attributed to the thicker hydroxyapatite layer formed on the surface at higher capacitance 299 

levels, as the capacitance promoted the deposition of hydroxyapatite on the Ti6Al4V material. 300 

The hydroxyapatite layer also exhibited a protective effect [1, 23]. It should be noted that the 301 

C.R.corr of the EDMed samples could be lower due to the larger contact area between the 302 

aggressive environment and the metallic alloys caused by the higher average surface 303 

roughness [45]. 304 

 The polarisation resistance (Rp) of the samples can be seen in Fig.7(c) and was 305 

estimated using the equation (2) [39, 46-48].  306 

�� =
��∗�	

�.���∗�	
��∗(����	)
         (2) 307 

 The anodic and cathodic slopes, denoted as βa and βc, respectively, exhibited 308 

contrasting trends compared to Icorr with respect to the electrical discharge machining 309 

parameters. This behaviour is expected since Rp (polarization resistance) and Icorr (corrosion 310 

current) are inversely proportional to each other [39, 46-48]. 311 

 The passive film potential range (Fig.7(d)) was the substation of Etp with Ecorr. The 312 

samples machined in oil bath had lower passive film potential range than that for non-313 

machined samples, indicating that the passive film of the samples machined in oil bath was 314 

less thermodynamic stable than the native passive film. Chang-bing et al. [32] noted that the 315 

titanium carbide formed during EDM process is less stable than pure oxide titanium layer for 316 
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SBF. The passive film range was reduced with the increment of the capacitance for the silicon 317 

oil bath. The cracks and the roughness decrease the stability of the passive film [45]. In the 318 

other bath, EDMed samples showed similar passive film potential range for each other and to 319 

non-EDMed samples.  320 

 The passive film corrosion rate was calculated using the equation (1), where Icorr was 321 

replaced by passive film current density that was defined how current density of the passive 322 

film potential range. Note that this is the predominant parameter in the corrosion kinetic for 323 

the passive materials. This parameter was dissimilar according to the EDM conditions 324 

(Fig.7(d)). The samples machined in the oil bath exhibited a higher corrosion rate of the 325 

passive film compared to the non-machined sample, indicating lower corrosion resistance. 326 

However, the sample machined at 100nF showed a similar corrosion rate to the non-EDMed 327 

samples, deviating from the trend. As previously explained, this can be attributed to the 328 

formation of a thin oxidised layer in the 10nF samples and the presence of a high number of 329 

imperfections in the 500nF samples. On the other hand, the samples machined in water and 330 

hydroxyapatite dissolution bath displayed a lower corrosion rate of the passive film compared 331 

to the non-machined samples. This can be attributed to the lower electrical conductivity of the 332 

passive film formed in the presence of water compared to the native passive film [11]. 333 

Furthermore, an increase in capacitance resulted in a reduction of the corrosion rate of the 334 

passive film in both cases. This can be attributed to the increased thickness of the passive 335 

film, which hinders electron transfer. Previous studies [26, 40] have also supported these 336 

findings. 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 
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  357 

 358 

Figure 7. Graphs of the (a) corrosion potential, (b) corrosion current density, (c) polarisation 359 

resistance. (d) passivation potential range and (e) passivation film corrosion rate of the 360 

samples in SBF according to EDM conditions. 361 

3.2.2. Electrochemical Impedance Spectroscopy, Alternating Current. 362 

The EIS assessments of the non-machined and machined samples can be observed in 363 

Fig. 8. The equivalent circuit method, Bode and Nyquist plots were utilised to analyse the EIS 364 

data. EIS analyses showed that the samples had dissimilar corrosion mechanism. The non-365 

EDMed sample before PPC exhibited a corrosion mechanism characterized by three distinct 366 

time constants. The first time constant was identified in the Bode plots, where the modulus 367 

impedance (Zmod) showed a horizontal curve at high frequency (F) ranges (1000 Hz-100000 368 

Hz), indicating the presence of a resistance component [49]. The second- and third-time 369 

constants were characterized by a rounded peak in the phase angle (θ) vs frequency (F) plots 370 

(Bode plots) at medium and low frequencies (0.01 Hz-1000 Hz). The distinct slopes of the 371 

inclined curves in the Zmod vs F Bode plots also indicated the presence of these time constants. 372 

Both time constants showed a significant overlap, as evidenced by the rounded peak shape in 373 

the θ vs F Bode plots and the circular shape of the Nyquist plot [50]. These time constants 374 

were formed by a parallel combination of capacitance and resistance elements [50].  375 

After the PPC, the non-machined sample exhibited a corrosion mechanism with a 376 

similar number and type of time constants, but the overlap between the second- and third-time 377 

constants was reduced. This can be observed in the significant difference in slopes of the 378 
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Bode plots (Zmod vs F). The reduction in overlap suggests changes in the characteristics of the 379 

passive film [6, 13, 51]. 380 

 The Bode and Nyquist plots of the samples machined in oil bath before PPC (Fig.8(a)) 381 

had similar the corrosion mechanisms than the non-machined samples. The visible double 382 

peaks of the Bode plots (Zmod vs F) indicated the lower overlapping of second and third time 383 

constant. These signals were split in samples machined at higher capacity, meaning an 384 

increment of the microstructural change thickness with the increasing of the capacitance [52]. 385 

The overlapping of the second and third time constants was lower after PPC (Fig. 8(b)), 386 

showing a chemical change or degradation of the surface [6, 13, 51].  387 

For the EDMed samples in a water bath before PPC (Fig. 8(c)), the corrosion 388 

mechanisms exhibited similar characteristics to the samples machined in an oil bath. The only 389 

difference was observed in the EDMed samples at 500nF, showing a shift towards lower 390 

frequencies after the PPC. This shift may indicate a decrease in corrosion resistance due to 391 

passive film degradation [4].  392 

The samples machined in a hydroxyapatite dissolution bath (Fig.8(d)) before PPC also 393 

exhibited a similar corrosion mechanism to the previous samples. These machined samples 394 

showed a comparable overlapping of the second and third constants after PPC, indicating that 395 

the hydroxyapatite layer and passive film remained intact after the corrosion process [5, 50]. 396 

 397 
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 405 

 406 

 407 

 408 
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 410 

 411 

 412 

 413 
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  416 

  417 

  418 

Figure 8. Bode and Nyquist plots illustrating the comparison between non-machined and 419 

machined Ti6Al4V samples in different environments: EDMed (a) and (b) represent oil, (c) 420 

and (d) represent water, and (e) and (f) represent a hydroxyapatite dissolution bath in 421 

simulated body fluid (SBF) before (a), (c), and (e) and after (b), (d), and (f) potentiostatic 422 

pulse current (PPC) treatment. 423 

The values of the corrosion processes in the corrosion mechanisms were calculated using an 424 

equivalent circuit simulation, which represents the corrosion process using elements of an 425 

electrical circuit [19, 36, 38]. Three circuits were employed to represent the corrosion 426 

mechanism of the samples (Fig. 9), indicating that the initial assumption based on 427 

experimental data was incorrect. The first circuit (Fig.9(a)) closely resembled the proposed 428 

circuit based on experimental data. The first-time constant represented the dissolution 429 

resistance (Rs), and the second time constant represented the passive film (Rf and CPEf). Both 430 

elements were in series with Rs. The final time constant corresponded to the charge transfer 431 

resistance (Rct) and the charge double layer (CPEdl) [5, 20, 50, 53]. The second equivalent 432 

circuit (Fig. 9(b)) was similar to the previous circuit, but Rf was absent. The last equivalent 433 
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circuit was identical to the previous circuit, except that CPEf was replaced by bounded 434 

Warburg impedance (Fig.9(c)) [35]. 435 

 436 

Figure 9. Schematic drawing of the (a) first, (b) second and (c) third equivalent circuit 437 

proposed. 438 

The simulated data (Fig. 10) showed a good agreement with the experimental data, 439 

and the low chi-square values (Table 4), ranging from 10-4 to 10-3, confirmed the validity of 440 

the simulation results [19]. The first equivalent circuit was the most observed circuit, 441 

representing most of the samples. The second circuit was found for the electrical discharge 442 

machined samples in water at 10nF before and after PPC, as well as in hydroxyapatite at 10nF 443 

before PPC. The third equivalent circuit represented the EDMed sample at 100nF in water and 444 

hydroxyapatite after PPC. The transpassivation process resulted in the formation of 445 

imperfections in the passive film, such as surface pitting and cracks, which influenced the 446 

diffusion processes within the film [36, 54]. 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 
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  461 

  462 

  463 

  464 

Figure 10. Comparison of the Bode and Nyquist plots between experimental and simulated 465 

data of the (a) and (b) non-machined and (c-h) machined at 10nF in oil c-d), water e-f) and 466 

hydroxyapatite dissolution g-h) bath for SBF immersion at 315K and 7.4pH.  467 

 Table 4 presents a summary of the values of the equivalent circuit elements. The 468 

values of RS for all samples ranged from 2 Ω×cm2 to 7 Ω×cm2 indicating their dependency 469 

solely on the dissolution process [45, 49].  470 
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After PPC, there were notable changes in the other elements of the equivalent circuit. 471 

For the non-EDMed Ti6Al4V samples, Rf decreased while CPEf increased, indicating that the 472 

protective capacity of the transpassivation passive film was lower compared to the original 473 

passive film. The value of nf decreased from 1.00 to 0.90 after PPC, suggesting the presence 474 

of imperfections in the transpassivation film [4, 5, 20, 45]. On the contrary, Rct increased after 475 

PPC, and CPEdl decreased, indicating an improvement in the corrosion resistance of the 476 

exposed material. The value of ndl remained at 0.85 after PPC, suggesting that the surface 477 

topography remained rough below the passive film [4, 5, 20, 45].  478 

In contrast, the EDMed samples in the oil bath at 10nF and 100nF exhibited an 479 

opposite behaviour, indicating that the transpassivation process enhanced the corrosion 480 

resistance of the passive film. As for the EDMed samples in the HA dissolution bath, most of 481 

the equivalent circuit element values remained unchanged before and after PPC, indicating 482 

that the passive film formed in this process remained similar properties after transpassivation. 483 

After PPC treatment, the values of nf and ndl exhibited lower values, suggesting alterations in 484 

the material topography. However, these changes had minimal impact on the corrosion 485 

properties. Similar trends were observed for the EDMed samples in the water bath at 10nF, 486 

where Rct increased, CPEf and CPEdl decreased after PPC, suggesting an increase in the 487 

chemical inactivity of the passive film. The values of nf and ndl remained similar before and 488 

after PPC. Similar evolution of the passive film was also observed in the EDMed samples in 489 

the oil and water baths at 500nF. 490 
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Table 4. The equivalent circuit element values for the non-machined and EDMed Ti6Al4V  

Sample PPC 
Rs 

(Ωxcm2) 
Rf 

(kΩxcm2) 
CPEf 

(μS/sxcm2) nf 
Rct 

(kΩxcm2) 
CPEdl 

(μS/sxcm2) nd 
W 

(μS/s1/2xcm2) nW X2 (10-3) 

Non-
machined 

Before 6.131 2610.000 5.258 1.00 0.150 6106.782 0.85 - - 0.987 
After 1.96 0.599 253.798 0.9 9510.000 9.510 0.85 - - 1.043 

Oil 10nF 
Before 4.021 0.159 37.210 0.87 117.716 26.362 0.93 - - 0.525 
After 5.017 249.788 40.298 0.76 15.893 133.690 0.93 - - 0.374 

Oil 100nF 
Before 7.802 0.307 18.500 0.80 1540.000 96.200 0.84 - - 1.640 
After 6.866 6.040 16.500 0.76 846.000 10.400 0.86 - - 1.480 

Oil 500nF 
Before 2.820 16.1710 63.948 0.75 20.401 130.252 0.82 - - 1.570 
After 2.099 0.364 132.385 0.70 43.134 1.581 1.00 - - 5.860 

Water 10nF 
Before 4.711 - 10.050 0.81 3.080 11.110 0.76 - - 1.430 
After 6.486 - 4.740 0.82 0.618 3.703 0.72 - - 0.701 

Water 
100nF 

Before 2.919 0.240 111.748 0.76 2140.000 33.062 0.90 - - 0.563 
After 3.778 - - - 0.011 124.078 0.80 45.900 0.98 0.563 

Water 
500nF 

Before 5.180 1.563 8.277 0.89 1720.000 6.338 1.00 - - 0.564 
After 3.905 0.265 12.621 0.80 1180.000 6.028 0.86 - - 0.563 

HA 10nF 
Before 4.712 - 11.110 0.76 2.177 10.500 0.81 - - 1.430 
After 2.960 0.589 250.580 0.50 9508.000 51.334 0.82 - - 1.420 

HA 100nF 
Before 3.819 0.757 28.351 0.74 19014.534 27.035 0.90 - - 1.920 
After 2.424 - - - 0.086 8.979 0.68 60.719 0.32 2.710 

HA 500nF 
Before 6.240 1.480 15.800 0.72 4530.973 12.000 0.89 - - 4.370 
After 7.100 1.927 14.012 0.59 2312.139 21.221 0.79 - - 1.360 
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3.3. Microstructure analysis after electrochemical test 1 

The surface characteristics of the samples before and after PPC are shown in 2 

Fig. 11. The surfaces of the EDMed samples exhibited a similar appearance, indicating 3 

that the transpassivation process had only a minor effect on the surface topography. In 4 

contrast, the non-EDMed samples showed a darkened area after PPC, indicating the 5 

oxidation of the Ti6Al4V material. The occurrence of localized oxidations can be 6 

attributed to the transpassivation process [12, 38]. However, in the case of the EDMed 7 

samples, such darkened areas were not observed because the material had already 8 

undergone oxidation during the EDM process [25, 26].  9 

After PPC, the cross-section of the EDMed samples exhibited an additional 10 

layer, being attributed to the deposition of dissolved salts. During the PPC process, a 11 

portion of the electrical current can be utilized to transfer ions, which are subsequently 12 

reduced and deposited onto the surface [38]. This deposited layer displayed a higher 13 

prevalence of cracks and pores. It is noteworthy that all samples exhibited cracks both 14 

before and after PPC, indicating that the transpassivation process did not significantly 15 

alter the internal structure of the Ti6Al4V material.  16 

17 

Figure 11. SEM micrograph of (a) non-EDMed (without EDMed) and samples EDMed 18 

(100nF) samples at (b) oil, (c) water and (d) HA bath (after PPC study).  19 

 The chemical composition maps of the sample cross sections focused on 20 

interested elements (titanium, oxygen and carbon) can be seen in Fig. 12. Non-EDMed 21 

specimens were mainly formed of titanium, indicating the passive film of this sample is 22 

thin. Oil bath samples had a low titanium concentration on the surface and localised 23 

zones with high oxygen and carbon concentration. Although the carbon was present on 24 

the surface, the concentration was dissimilar on the surface. These outcomes indicated 25 

that the surface chemical composition of these specimens was heterogeneous, which is a 26 

cause of their low corrosion resistance. Holsten et [55] observed that this is due to the 27 

cathodic (negative) polarisation of the tool hinders the carbon reaction with the 28 

Ti6Al4V and pure-Ti in oil bath. This causes a heterogeneous and thin titanium carbide 29 

layer. The researchers also observed that the samples EDMed in water bath had surface 30 

totally oxidised, indicating that this process only occur in oil bath. EDMed samples in 31 
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water and HA bath showed a high oxygen concentration on surface and low titanium 32 

concentration. The presence of a thick passive film on these specimens has been 33 

revealed by these results, indicating its formation during the EDM process, as 34 

previously mentioned. EDMed samples in water bath possessed a passive film thicker 35 

than the surface generated in HA dissolution in distilled water, which is a reason of the 36 

better corrosion resistance of the water EDMed specimens as described before. In both 37 

cases, the passive film was larger than non-EDMed specimens, providing their superior 38 

corrosion resistance.  39 

Notting EDS is infeasible to determine the chemical compound with exactitude 40 

because this technique can only detect the elements and not the molecules. TiO2 and 41 

TiC however are the most common molecules when the oxygen concentration is high. 42 

On other hand, the non-stoichiometric molecules (TiOX and TiXC) are the most usual 43 

for low oxygen concentration. Aluminium and vanadium oxidise can be found these 44 

zones. 45 

 46 

Figure 12. EDS chemical composition maps of the 10nF samples after PPC study 47 

where TiOX is non-stoichiometric titanium oxide with oxygen deficient, TiO2 is titanium 48 

dioxide, TiCX is non-stoichiometric titanium carbide with carbon deficient and TiC is 49 

titanium carbide. 50 

4 Discussion 51 

 The dissimilarity in corrosion resistance among the samples is attributed to the 52 

formation of an oxide layer during EDM. Samples subjected to a less aggressive 53 

environment, such as an oil bath and low capacitance, exhibited a heterogeneous and 54 

thin oxidised layer. The charge transfer of the passive film was inversely proportional to 55 

the thickness of the passive film [25, 26], resulting in an anodic effect on the non-56 

oxidised areas, thereby promoting corrosion [7]. Increasing the capacitance (500nF) 57 

mitigated this effect; however, it led to the formation of cracks and a higher average 58 

roughness, which consequently decreased corrosion resistance. The roughness 59 

contributed to an increase in the exposed area and the presence of crevices [45], while 60 
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cracks further facilitated crevice corrosion [2]. Consequently, EDMed samples 61 

produced in an oil bath demonstrated lower corrosion resistance compared to non-62 

EDMed samples. 63 

The adverse effects of cracks and roughness on the corrosion surface were 64 

eliminated when the oxidised layer became homogeneous and thick. This condition was 65 

achieved in aggressive environments such as water and hydroxyapatite dissolution, 66 

coupled with high capacitance. The environment supplied oxidant elements that 67 

chemically activated the metallic alloy [15, 25] in conjunction with the capacitance [52]. 68 

The presence of the oxidised layer even eliminated the detrimental effects of cracks, 69 

being typically caused by thermal stress [2]. As a result, EDMed samples fabricated in 70 

water and hydroxyapatite demonstrated higher corrosion resistance compared to non-71 

EDMed samples. It is worth noting that hydroxyapatite EDMed samples exhibited 72 

lower corrosion resistance than water EDMed samples. The potential part of PPC, 73 

represented by the anodic branch passivation range, was utilized for depositing SBF 74 

ions onto the Ti6Al4V surface [38, 40]. The thickness of the oxidised layer can 75 

chemically be inactivated and is directly proportional to the EDM capacitance [26, 40]. 76 

While the hydroxyapatite coating provides a protective effect, it is relatively weaker 77 

compared to the protection offered by the oxidised layer. The highest corrosion 78 

resistance was observed in EDMed samples produced at the highest capacitance, owing 79 

to the dependence of the corrosion resistance with the oxidised layer thickness.  80 

The corrosion mechanisms observed in the Ti6Al4V samples were generally 81 

similar across all samples. These mechanisms consisted of a solution resistance, a 82 

passive film, and exposed materials. The passive film surfaces of the EDMed samples 83 

exhibited roughness, resulting in a surface roughness factor (nf) lower than 1, primarily 84 

due to the generation of pores on the outer layer [4, 5, 20, 45]. The presence of these 85 

similar corrosion mechanisms indicated that the presence of cracks and high average 86 

roughness had a minimal effect on the corrosion behaviour of EDMed Ti6Al4V, as the 87 

samples exhibited significant corrosion resistance. 88 

The impact of transpassivation on corrosion resistance (as observed through 89 

EIS) varied among the samples. The microstructures of the samples remained 90 

unchanged after PPC. Transpassivation induced a chemical evolution of the passive 91 

film, leading to modifications in its chemical structure. This chemical evolution could 92 

differ based on the elements involved in the formation of the passive film, which in turn 93 

depended on the EDM parameters [36]. Notably, the influence of transpassivation on 94 

the corrosion resistance of samples immersed in a HA dissolution in distilled water bath 95 

was minimal, indicating the high stability of the passive film in this case [1, 50]. The 96 

additional layer formed during PPC through the electrodeposition of SBF salt had a 97 

negligible effect on corrosion resistance. The presence of a high number of defects, such 98 

as cracks and pores, in the deposited layer significantly reduced its protective 99 

capabilities [23]. 100 
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5 Conclusions 101 

Based on a comprehensive electrochemical and microstructural study, the 102 

corrosion characteristics of the Ti6Al4V alloy were investigated under different EDM 103 

conditions in simulated body fluid. The following conclusions can be drawn from this 104 

analysis:  105 

The EDMed samples exhibited higher nobility compared to the non-EDMed 106 

samples, primarily attributed to the formation of an oxidised layer during the electrical 107 

discharge machining processes. 108 

The corrosion resistance of samples machined using electrical discharge in 109 

aggressive baths (such as water and hydroxyapatite dissolution) is higher compared to 110 

non-EDMed samples. When EDM is performed in an oil bath, the corrosion resistance 111 

of the samples decreases due to the formation of a heterogeneous layer. Samples 112 

furthermore produced with high capacitance exhibit greater corrosion resistance than 113 

those EDMed at low capacitance.  114 

The corrosion mechanism remains similar for all samples before PPC, but it 115 

diverges afterward. The chemical evolution resulting from transpassivation varies 116 

depending on the oxidised elements present in the passive film. Additionally, this 117 

process leads to the electrodeposition of SBF elements on Ti6Al4V samples.  118 

Although EDM samples immersed in water exhibit the highest corrosion 119 

resistance, an additional beneficial property is the presence of a hydroxyapatite film on 120 

these samples, which contributes to good biointegrity.  121 

This research provides a cost-effective and efficient method for generating 122 

Ti6Al4V surfaces that offer both high corrosion resistance and excellent biointegration. 123 

The implications of this work are significant, benefiting various industries, particularly 124 

the biomedical sector. 125 
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