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Abstract

Titanium alloys, such as Ti6Al4V, are widely emmaoyin the biomedical industry for
implant applications due to their favourable projsr However, these alloys can experience
long-term corrosion in the presence of bodily fjigvhich is a critical concern for implants
as it affects their timespan. Therefore, this staityed to examine the corrosion resistance of
Ti6Al4V in body fluid. Highly desirable electricalischarge machining (EDM) techniques
used for Ti6AI4V sample preparation with three eliént conditions (oil, deionized water,
and hydroxyapatite mixed in deionized water). Csiop was assessed using electrochemical
analyses, with microstructural analysis. Resulticated that the samples produced using
water and oil had the best and lowest corrosioistaasce, respectively. Protective oxide layer
formed during the EDM in water while heterogenesudace was produced for EDM in oil.
The increase in capacitance leads to the thickemiirige oxide layer, thereby enhancing the
corrosion resistance.

Keywords. Ti6Al4V; Electrical Discharge Machining; Corrosidalectrochemical Analyses.
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1. I ntroduction

Titanium alloys, specifically Ti6Al4V, are widelgmployed as implant for the
biomedical industry owing to the excellent propestias good corrosion resistance and
excellent biointegrity [1-5].The increasing lifepectancy has, nevertheless, necessitated the
need to extend the lifespan of implants to spaers¢wlecades. The aggressive environment
of the body fluid can corrode the Ti6Al4V at lorgyin. This can decrease the biointegrity
and lifetime of this metallic material and prodube loosing of the implant after long-term
[1, 4, 6]. The titanium dental implant can be cded in saliva environment due to fluorine
ions. Ti6AI4V passive film can be dissolved in teavironment via the reaction of the
fluorine ions that is highly chemical affinity tde titanium [5, 7]. Chlorine, sulphate and
phosphate ions of the blood can also react thaveaBbn of Ti6AIV, causing the breaking
down the film and beginning the corrosion the implgt, 6, 8]. The breaking of the passive
film is furthermore encouraged by the body tempeeat(37.5 C). The increase of the
temperature accelerates the ion reactions witlpalssive film [4, 9]. In addition to the loss of
the implant, the corrosion of Ti6AI4V can provokéher health problems because of the
alloying elements. Aluminium is associated to tHeh&imer while vanadium is cytotoxic [3,
10]. Thus, the increment of the corrosion resigtaiscan essential to improve the Ti6Al4V
capacities as implants.

The corrosion resistance of the titanium alloy das improved using varying
techniques including, anodising [11, 12], plasmactblytic oxidation [13], electrical
discharge machining (EDM) [1, 14-17], ion implamat [18], sol-gel coatings [19], laser
alloying [2], laser selective melting [20], thermta¢atment [8], physical vapour deposition
[21] and chemical vapour deposition [22]. EDM entwhthe corrosion resistance of the Ti
alloy by generating layers with high chemical imadtgy and good adhesion on the subtract
[1]. The characteristics of the layers are dependarthe specific EDM conditions and type
of the bath used. In non-aggressive environmerid/ Enduces microstructural changes in
the titanium alloy, resulting in the formation ofn@w layer with high corrosion resistance
[17]. When EDM is performed in a water bath, a khgassive film is produced on the
metallic alloy, thereby increasing its corrosiosiséance [16]. In the case of the EDM in
hydroxyapatite dissolution bath, in addition to thek passive film, a hydroxyapatite layer
can be generated on the substrate through paelietérical deposition. This deposited layer
exhibits excellent compaction and adhesion, progdprotection for the metallic alloy
against aggressive environments [1, 15]. Althouighilar effects were found in machined
alloys with bath with carbon nanotubes [2], the foygapatite layer possesses the benefit of
increasing the material biocompatibility [14]. Howvee, it is important to note that despite the
corrosion resistance improvement achieved througMBn Ti6AI4V, the process can also
introduce cracks and pores. These imperfections icamease the titanium alloy's
susceptibility to corrosion [23, 24]. The occurreraf these imperfections is influenced by the
specific EDM conditions, such as capacitance ari type [25, 26].

EDM technique furthermore is one of most suitaldehhiques to machine high
strength and low thermal conductive materials. EI3M non-contact machining method that
utilizes a series of controlled electrical sparletween the workpiece and an electrode to
erode the material. EDM offers several advantagesTf alloy machining, including the
ability to achieve intricate shapes, precise tolees, and excellent surface finishes.
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Additionally, EDM is a relatively low-temperatureqeess, which helps to minimize the risk
of thermal damage or distortion to the titaniunoyalvorkpiece. In the context of bioimplant
applications, the EDM technique enhances biocoritiitiand promotes the desired surface
roughness, facilitating improved wettability, hyghdlicity (allowing bone cells to adhere to
the surface), proliferation, and anchorage [27-32].

The influence of EDM conditions on the corrosiosiseance of machined Ti6AI4V in
body fluid has been inadequately examined in thstieg literature. Therefore, this study
aims to investigate the corrosion resistance ofAl@ machined through EDM under
varying capacitance and bath conditions in simdldtedy fluid (SBF). The machining
process was conducted using capacitances of 100RF1and 500nF, and baths consisting of
oil, water, and hydroxyapatite dissolution (HA). eTlsurfaces and cross-sections of the
samples were analysed using optical light profilosn@nd scanning electron microscopy,
while the chemical composition was assessed usmgggg dispersive spectroscopy. The
corrosion resistance and corrosion mechanism wevalu&ted through various
electrochemical corrosion analyses, including piwelgnamic polarization curves (PPC) and
electrochemical impedance spectroscopy (EIS) befodeafter the PPC test.

2. Experimental Setup

2.1. Materialsand Electrical Discharge Machining

In this study, a Ti-6 wt.% Al-4 wt.% V alloy wase as the workpiece material in the
form of a 3 mm thick sheet. The sheet was cutansmall rectangular piece measuring 55x80
mm. The experiments were conducted using a Hurdo ark 2 die sinking type EDM
machine.

For the electrode material, a solid circular gréhwith a diameter of 6 mm was
employed. To perform the EDM experiments undered#ht dielectric conditions, a small
dielectric reservoir was utilised, and the dieliectirculation system of the EDM machine
was disconnected. The experimental setup is showigi 1.

Three different dielectric fluid conditions were gloyed in the experiment: EDM oill,
deionized water, and a HA in deionized water. Hyglegatite powder, provided by Medicoat
SAS based in France, with particle sizes rangiogmflO to 15 pm was mixed with deionized
water at a concentration of 10 g/L. A digital mixeas used to stir the dielectric fluid,
preventing precipitation of hydroxyapatite powderdaaccumulation of debris and HA
particles in the machining zone.

The EDM machine's capacitance was set at threeréift values: 10nF, 100nF, and
500nF. A summary of the experimental parametepgdsented i able 1. Fig. 2 illustrates
the surfaces generated using EDM, consisting ofi&Ular surfaces created under various
dielectric fluid and capacitance settings. Each vess repeated three times to ensure the
repeatability of the experiments.
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107 Figure 1. EDM machining setup (a) EDM set-up, (b) a schematrawing of the

108  experimental setup.

109 Tablel. Summary of EDM parameters used for the experiments

Parameter Description/Values
EDM machine Hurco 50A Mark 2
Workpiece TiBAI4V
material
Electrode Solid circular graphite (6 mm in dia.)

* Fully Synthetic Dielectric Oil (Corsmot EDM/CH PLYS
Dielectric fluid * Deionised water,

* HA mixed in deionised water (10g/L HA concentrajion
Pulse time (us) 20

Duty cycle (%) 50

Capacitance (nF)| 10, 100, 500

Polarity
(electrode)

Negative

Type of dielectric fluid and its condition
,l. .

HA mixed inl Deionised | ‘
Deionised | \Water | EDM Qil
Water I 7 |

Capacitaﬁce selection in
EDM machine

110
111 Figure 2. Macrostructures dEDMed Ti6Al4V workpiece material under differentnabtions.
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2.2.  Electrochemical Analyses

The non-electrical discharge machined (non-EDMad)#es also were polished with
1200p silicon carbide abrasive paper. All sampleseveleaned after electrochemical analyses
with commercial detergent and fresh water soakiingn with distilled water rinsing and the
last cleaning step was isopropanol spray and dryitlg drier. The aggressive environment
was SBF formed of the next chemical compounds sumsethinTable 2 [6, 12, 33].

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

Chemical compound Quantity (g per litredistilled water)
NaCl 8.035
NaHCQ; 0.355
KCI 0.225
K,HPO,.3H,0 0.231
CaCb.H,0O 0.292
NapSO, 0.072
((CH,OH)3(CNH,) 6.118

pH 7.4

The chemical products used were provided by MeFbk. pH of the SBF environment
was adjusted using 1 M HCI, and the pH measurenveaits taken using a pH meter (Jenway
350pH Meter) supplied by Scientific Laboratory Sligga The temperature of the SBF was
maintained at 315.5 K throughout the testing, agdeusing a hot plate (Stuart, SB162)
provided by BioCote.

The electrochemical experiments were conducted gusin potentio/galvanostat
(Interfacel010E) from Gamry Instruments Inc. Theéepbo/galvanostat was handled with
Gamry Framework software and the data were evaluated by mean eofGdmry Echem
Analyst software. The three-electrode cell was employedawoy out the electrochemical
analyses. The cell was consisted of a referenamtepand working electrode. The reference
electrode was silver/silver chloride in 3 M KCI (AgCl 3 M KCI) with double junction,
being supplied by EDT direct ion limited. The caemeélectrode was a platinum wire of 0.7
mm diameter that was provided by Cooksonglod Hdener Meule Group. The working
electrodes were the samples. The electrochemisahgewas perturbative of direct current
(PPC) and of alternating current (EIS). PPC anddpkxifications were summarisedTiable
3.

Table 3. Selected PPC specifications and EIS set up paeasne

Technique Parameter Value

Open circuit potential time 15 min

PPC Initial potential Open circuit potential — 0.3 V
Final potential 2.0 V vs Ag/AgCl 3M KCI
Potential rate 0.167 mV/s
Potential amplitude in root mean square 10 mvV

EIS Frequency range Form 0.01 Hz to 100000 Hz
Number of point per frequency decade 10
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The samples were analysed with the next sequentgeadkchniques: EIS, PPC and
EIS. The first EIS was made to study the corrosi@thanism of the non-polarised samples
whilst the second EIS was conducted to understhadcbrrosion process of the samples
polarised with PPC. The equivalent circuit methaswtilised to assess the EIS d&anmry
Echem Analyst software was employed to develop the equivalentuiti method. All
individual tests were repeated a minimum of thnees$ to ensure the accuracy and reliability
of the data.

2.3. Surface and Microstructure Analysis Methods

The EDM surfaces were analysed before and aftecah®sion process using various
microscopy techniques. Surface topography and meggh analyses of the EDM surfaces
were performed using a Bruker Contour GT-K 3D whight interferometer equipped with
Vision 64 software (Optical light profilometer). The averageeal surface roughness (Sa)
values were used to compare the surface roughh&f3Nd surfaces under different dielectric
fluid conditions and capacitance settings.

The surface characteristics and chemical compaositiothe samples were analysed
using Scanning Electron Microscopy (SEM) with Enefispersive Spectroscopy (EDS).
The SEM analysis was conducted at 10 kV with anrACcurrent and a 2.0 spot size. To
prepare the samples for SEM analysis, standard |Bueajrinding methodology was
employed, followed by polishing using up to 0.05.udviter polishing, the samples were
subjected to a 2-hour treatment with Vibrofetsing a silica suspension liquid.

3. Results

3.1. Surface and Microstructure Analyses after EDM

Fig. 3 illustrates the experimental results of surfaaggtmess for different capacitance values
(10nF, 100nF, and 500nF) and dielectric conditi(E®M oil, deionized water, and HA in
deionized water). The surfaces machined in EDMeaihibited higher surface roughness
compared to those machined in deionized water,rdégss of the capacitance values. The
surface roughness values demonstrated an incretreimd) with the rise in capacitance from
10nF to 500nF, for both dielectric fluids, EDM alhd water. The heightened capacitance led
to an elevation in the heat energy produced perkspathe EDM system, resulting in the
creation of larger craters on the surface of thekpiece. This effect was particularly
significant due to the occurrence of multiple sgattkroughout the EDM erosion process. It
was not possible to observe individual crater faromadue to a single spark. Consequently,
numerous craters were formed on the machined syréamntributing to the roughness of the
EDMed surfaces. The surface roughness of the ssfa@chined in HA mixed in deionized
water did not exhibit a consistent increasing ocréasing trend with varying capacitance
values. Among the different capacitance valuesstirtaces machined with a capacitance of
10nF and HA mixed deionized water showed the higbedace roughness values. This can
be attributed, in part, to the presence of HA pawsdeising unstable discharging and the low
discharge energy not generating a strong pumpifegtefo remove debris particles in the
discharging zone. The accumulation of debris padicand HA powder disrupted the
discharging mechanism, resulting in higher surfaceghness with a high standard deviation

6



179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195

196
197

198
199
200
201
202
203
204
205
206

of 1.094 at 10nF capacitance. In contrast, thedstah deviations of surface roughness
obtained with EDM oil and deionized water at 10r&pacitance were 0.191 and 0.126,
respectively, indicating more stable and repeateddalts.

Higher capacitance values allowed the dischargeharésm to generate greater heat
energy and stronger sparks, resulting in an adequanping effect that effectively expelled
debris particles and HA powder from the machiniagion. This led to a more stable and
predictable process. The standard deviations déaceiroughness for the surfaces machined
in HA mixed deionized water with capacitance vala€400 nF and 500 nF were 0.194 and
0.290, respectively, indicating improved repeatgbdompared to the surfaces machined with
a lower capacitance of 10nF. When considering tacgpacitance values, such as 100nF and
500nF, EDM with HA mixed deionized water demons&datsuperior surface roughness
compared to surfaces machined with EDM oil and walkis improved surface roughness
can be attributed to the alteration of the dischangchanism due to the inclusion of powder.
The mechanism of powder mixed EDM has been extelystiscussed in the literature [27],
where smaller and more frequent discharges arergedein powder EDM. This leads to the
formation of smaller craters with each dischargémately resulting in reduced surface
roughness compared to non-powder EDM processes.

EDM oil
Deionised water
4 HA mixed deionised water

Average areal surface roughness,Sa (um)

I T I T
Capacitance 10 nF  Capacitance 100 nF Capacitance 500 nF

Figure 3. Average areal surface roughneSas) (of the EDMed surfaces.

Fig. 4 presents a supporting 3D surface topography dddaifiom the Bruker
interferometer, where the red colour indicatesdis¢ribution of heights from the valley. As
depicted inFig. 4, the surfaces machined via EDM in oil and deiodizeater exhibit a
significant increase in roughness as the capa@taratues are raised. Additionally, the
surfaces machined in EDM oil tend to have roughefases compared to other surfaces
except the surfaces machined with HA mixed deiahm@ter with 10nF setting. However,
surfaces machined with HA mixed deionized water olestrate improved surface finish
compared to both EDM oil and deionized water, ekedpen the capacitance value was set to
10nF.
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Figure 4. Bruker 3D surface topography images of electrgcldarge machined (EDMed)

surfaces at different capacitance levels: (a-cF1@Qd-f) 100nF, and (g-i) 500nF. The images
show the surfaces before corrosion in (a), (d), @ails, (b), (e), and (h) distilled water, and
(c), (f), and (i) a bath containing a mixture ofdngxyapatite and distilled water.

Fig. 5 illustrates the SEM images of cross-sectional vielwEDMed samples.
Typically, cross-sectional analysis is conductedEiDM-related research to examine the
characteristics of the white layer (molten layergluding hardness, crack formation, heat-
affected zone, and its thickness. However, in tbligdy, the focus is on identifying
characteristics such as cracks or different lagemétions that might affect the corrosion
analysis. The resolidified layer (white layer) bews thicker as the capacitance value
increases, which is directly related to the amaaméenergy applied to the surfaces. EDM
mechanisms with higher capacitance values generate significant heat energy, resulting
in a thicker resolidified layer. While electricalsdharge machining with EDM oil does not
produce many cracks on the sub-surfaces, machimitigdeionized water and HA mixed
deionized water leads to the formation of severatks on the resolidified layer. The cracks
formed with deionized water alone are larger andengrominent compared to the cracks
formed with HA mixed deionized water. The oil EDMnsple exhibits voids and holes on the
machined area. The impacts of these characteristicghe corrosion analysis will be
discussed in the subsequent section.
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Figure 5. SEM images of cross-sectional view of non-corro@2Med surfaces at (a-c)
10nF, (d-f) 100nF and (g-i) 500nF in (a), (d) amg ¢il, (b), (e) and (h) deionised water
(water) and (c), (f) and (i) HA mixed with distilebath (HA), where the dotted white line
indicates the presence of the white layer (molser).

3.2.  Electrochemical Assessments

3.2.1. Potentiodynamic Polarisation Curves, Direct Current.

All samples were subjected to testing using SBFRjeoerate the potentiodynamic
polarization curveFig. 6 illustrates the resulting PPC curve obtained frainsamples. As
shown inFig. 6, the potentiodynamic polarization curves exhibaesimilar shape.

The reduction or cathodic branch of the curve apgzbas a horizontal line, indicating
that the cathodic reaction is primarily controlled activation [34]. On the other hand, the
anodic or oxidation branch of the curve displayecdtdical shape at low potential, indicating
the presence of a passive film on the samples34R At high potential, the curve exhibited a
slight incline, indicating the occurrence of traasgivation of titanium dioxide (T¥J12])
which transforms into other oxide forms such as4T@® non-stoichiometric oxides. These
oxidised forms also possess a protective/passitteaenfb, 35, 36] as indicated by the vertical
shape of the curve at the highest potential. Theempal at which the transition from
passivation to transpassivation occurs is ofteerredl to as the transpassivation potenkg) (
[35]. Some samples (EDMed samples at 100nF andF00mwater and HA bath) exhibited
current fluctuations in the cathodic branch, intdi@a the generation of metastable
micropitting [35, 36].
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Figure 6. PPC of non-machined (non-EDMed) and electricatithisge machined Ti6Al4V at
10 nF, 100 nF and 500 nF with (a) oil, (b) distllevater (water) and (c) hydroxyapatite
dissolution (HA) in SBF immersion at 7.4 pH and L3

The corrosion characteristics of the samples, sagltorrosion potential, corrosion
rate, passivation potential range and passivatiate, r polarization resistance, and
transpassivation potential, varied among the difieisamplesHig. 7). These features were
determined based on the data obtained from the PR&€majority of the machined samples
had higher corrosion potentiaE4,) than that for non-EDMed sampleBid. 7(a)). The
oxidised layer generated during EDM is nobler theative passive film. The electrical
discharges activate the metal to react with theesgyve environment, producing a compact
oxidised layer [15]. The only exception was the gl® machined at 10nF and oil bath where
Ecorr Was lower than non-EDMed samples. The low capacgtaand aggressiveness of the
environment hinder the completed oxidised layemfation. The imperfections as cracks,
cavities and inhomogeneity can also decrease thiityaf the metallic materials [37Ecorr
of the samples produced in more aggressive envieohnfwater and hydroxyapatite
dissolution) was higher than less harsh environngethtbath). The oxidative environment
produces oxidised layer thicker than the layerstegkin less harsh bath. The nobility of the
oxide layer is proportional to the thickness andmbgeneity [38]. In respect of the
capacitance, EDMed Ti6AI4V samples created at 10@edF higherEq, for water and HA
baths. The thickness and homogeneity of the oxaglerlalso is proportional to capacitance
[1]. An excessive capacitance can produce impeofest(e.g., cracks and pores) and other
oxidised forms that diminishes the nobility of iy [2, 23].

The corrosion rateqQ.R.corr) Of the samples can be observedrig.7(b) and these were
estimated using equation (1) [2, 16, 39, 40].
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C.R.corr = % (1)

Where, |l IS the corrosion current density] is the titanium molar mass (47.867
g/mol [41]), p is the TiBAI4V density (4.43 g/ch{42]), F is the Faraday’s constant (96500
coulombs per mole (C/mol) [43]) amdis the electron number transferred in the corrosio
reaction (4 electrons [41])orr Was estimated with the intersection of the cathadid anodic
Tafel linear regression [3, 44]. The choice of thasticular corrosion feature was based on its
ability to provide a more visually tangible repnetgion of the corrosion kinetics. The
majority of the machined samples had low&R..,; than non-machined samples. The
oxidised layer formed during EDM is compact andt@ctve, being a passive film [36, 40].
The chemical inactivity of the passive film commpm proportional to its thickness [1].
Note that the samples machined in hydroxyapatigsadition bath, the deposition of the
hydroxyapatite on surface can create an extra gregefilm [1]. Only exceptions were
EDMed samples in oil bath herein only the sampleshimed at 500nF possessed slower
C.R.corr than non-machined samples. EDMed samples produaceitl bath at 10nF possessed
higher C.R.cor While that for the samples machined at 1008R.c;r Was similar to non-
EDMed sampleC.R.corr. This means that the generation and thicknesseoEDMed oxidised
layer is encouraged with the increasing of the ciapace. These oxidised layer features
define the corrosion rate of the samples. The d¢tgyae used in EDM also had an influence
on the corrosion rat&C(R..orr) Of the samples fabricated in water and hydroxysphath. For
the samples machined in water, &R ,;; followed the order of 10nF > 500nF > 100nF.
Lower capacitance values resulted in the formadiba thinner oxidised layer, while higher
capacitance values led to the creation of cracks$ @amperfections that increased the
susceptibility to corrosion [23]. On the other harfdr the samples produced in the
hydroxyapatite dissolution bath, increasing theacéignce decreased tleR.c,;. This was
attributed to the thicker hydroxyapatite layer fednon the surface at higher capacitance
levels, as the capacitance promoted the deposifibgdroxyapatite on the Ti6AlI4V material.
The hydroxyapatite layer also exhibited a protecifect [1, 23]. It should be noted that the
C.R.cor Of the EDMed samples could be lower due to thgelacontact area between the
aggressive environment and the metallic alloys eduby the higher average surface
roughness [45].

The polarisation resistanc®,f of the samples can be seenFig.7(c) and was
estimated using the equation (2) [39, 46-48].

P = 2-303*Iiarrfzﬁa+ﬁc) )

The anodic and cathodic slopes, denotedfasand f., respectively, exhibited
contrasting trends compared tg, with respect to the electrical discharge machining
parameters. This behaviour is expected sRgeéoolarization resistance) arg,, (corrosion
current) are inversely proportional to each otl3&; #6-48].

The passive film potential rang€ig.7(d)) was the substation &, with Ecr. The
samples machined in oil bath had lower passive fiotential range than that for non-
machined samples, indicating that the passive éifrthe samples machined in oil bath was
less thermodynamic stable than the native pasime €hang-bing et al. [32] noted that the
titanium carbide formed during EDM process is Igsble than pure oxide titanium layer for
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SBF. The passive film range was reduced with tbeement of the capacitance for the silicon
oil bath. The cracks and the roughness decreasstdbdity of the passive film [45]. In the
other bath, EDMed samples showed similar passinedotential range for each other and to
non-EDMed samples.

The passive film corrosion rate was calculateagishe equation (1), whetg, was
replaced by passive film current density that wenéd how current density of the passive
film potential range. Note that this is the predoamt parameter in the corrosion kinetic for
the passive materials. This parameter was dissinait@ording to the EDM conditions
(Fig.7(d)). The samples machined in the oil bath exhibitekigher corrosion rate of the
passive film compared to the non-machined samplticating lower corrosion resistance.
However, the sample machined at 100nF showed dasintrrosion rate to the non-EDMed
samples, deviating from the trend. As previouslplaxed, this can be attributed to the
formation of a thin oxidised layer in the 10nF sdaspmnd the presence of a high number of
imperfections in the 500nF samples. On the othedhthe samples machined in water and
hydroxyapatite dissolution bath displayed a lowarasion rate of the passive film compared
to the non-machined samples. This can be attribiotéloe lower electrical conductivity of the
passive film formed in the presence of water comgano the native passive film [11].
Furthermore, an increase in capacitance resulted reduction of the corrosion rate of the
passive film in both cases. This can be attributethe increased thickness of the passive
film, which hinders electron transfer. Previousdsts [26, 40] have also supported these
findings.
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Figure 7. Graphs of the (a) corrosion potential, (b) comasturrent density, (c) polarisation
resistance. (d) passivation potential range andpéssivation film corrosion rate of the
samples in SBF according to EDM conditions.

3.2.2. Electrochemical Impedance Spectroscopy, Alternating Current.

The EIS assessments of the non-machined and mdckameples can be observed in
Fig. 8. The equivalent circuit method, Bode and Nyquistgwere utilised to analyse the EIS
data. EIS analyses showed that the samples hahiiggscorrosion mechanism. The non-
EDMed sample before PPC exhibited a corrosion nmmastracharacterized by three distinct
time constants. The first time constant was idetiin the Bode plots, where the modulus
impedance 4oq) showed a horizontal curve at high frequeniy ranges (1000 Hz-100000
Hz), indicating the presence of a resistance compofd9]. The second- and third-time
constants were characterized by a rounded pedieiphase angl&) vs frequencyR) plots
(Bode plots) at medium and low frequencies (0.0118@0 Hz). The distinct slopes of the
inclined curves in th&,,q vsSF Bode plots also indicated the presence of these ¢onstants.
Both time constants showed a significant overlapg\adenced by the rounded peak shape in
the 6 vs F Bode plots and the circular shape of the MNyqlot [50]. These time constants
were formed by a parallel combination of capacikkaaed resistance elements [50].

After the PPC, the non-machined sample exhibiteztbrmosion mechanism with a
similar number and type of time constants, butowerlap between the second- and third-time
constants was reduced. This can be observed isigngicant difference in slopes of the
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Bode plots Zoq VSF). The reduction in overlap suggests changes ichleacteristics of the
passive film [6, 13, 51].

The Bode and Nyquist plots of the samples machimed bath before PPU-{g.8(a))
had similar the corrosion mechanisms than the nachmed samples. The visible double
peaks of the Bode plotZ oy Vs F) indicated the lower overlapping of second anddthime
constant. These signals were split in samples madhat higher capacity, meaning an
increment of the microstructural change thicknegh the increasing of the capacitance [52].
The overlapping of the second and third time conistavas lower after PPGiQg. 8(b)),
showing a chemical change or degradation of thesei[6, 13, 51].

For the EDMed samples in a water bath before PP@. B(c)), the corrosion
mechanisms exhibited similar characteristics tosdmaples machined in an oil bath. The only
difference was observed in the EDMed samples ahB08howing a shift towards lower
frequencies after the PPC. This shift may indiat#ecrease in corrosion resistance due to
passive film degradation [4].

The samples machined in a hydroxyapatite dissaoluiath Fig.8(d)) before PPC also
exhibited a similar corrosion mechanism to the jney samples. These machined samples
showed a comparable overlapping of the secondlardidonstants after PPC, indicating that
the hydroxyapatite layer and passive film remaimgakt after the corrosion process [5, 50].
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Figure 8. Bode and Nyquist plots illustrating the compamidmetween non-machined and
machined Ti6Al4V samples in different environmerE®Med (a) and (b) represent oail, (c)
and (d) represent water, and (e) and (f) represetiydroxyapatite dissolution bath in
simulated body fluid (SBF) before (a), (c), and &) after (b), (d), and (f) potentiostatic
pulse current (PPC) treatment.

The values of the corrosion processes in the domasechanisms were calculated using an
equivalent circuit simulation, which represents twogrosion process using elements of an
electrical circuit [19, 36, 38]. Three circuits weemployed to represent the corrosion
mechanism of the sampledtig. 9), indicating that the initial assumption based on
experimental data was incorrect. The first ciritg.9(a)) closely resembled the proposed
circuit based on experimental data. The first-ticenstant represented the dissolution
resistanceRs), and the second time constant represented tlsevpadm (Rr andCPE;). Both

elements were in series wil. The final time constant corresponded to the dahargnsfer

resistance K;) and the charge double laye&ZREy) [5, 20, 50, 53]. The second equivalent
circuit (Fig. 9(b)) was similar to the previous circuit, bBt was absent. The last equivalent
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circuit was identical to the previous circuit, egtéhat CPE; was replaced by bounded
Warburg impedancd=(g.9(c)) [35].

b) c)

a) CPE,
R, ’% I —AW
AM—AAN, N “ ARy CPE,
R¢

CPE \ >_

R

Figure 9. Schematic drawing of the (a) first, (b) second &odthird equivalent circuit
proposed.

The simulated dataF{g. 10) showed a good agreement with the experimental, dat
and the low chi-square valueBaple 4), ranging from 13 to 10°, confirmed the validity of
the simulation results [19]. The first equivalentcuait was the most observed circuit,
representing most of the samples. The second twas found for the electrical discharge
machined samples in water at 10nF before and RR€}, as well as in hydroxyapatite at 10nF
before PPC. The third equivalent circuit represgite EDMed sample at 100nF in water and
hydroxyapatite after PPC. The transpassivation ge®cresulted in the formation of
imperfections in the passive film, such as surfpiteng and cracks, which influenced the
diffusion processes within the film [36, 54].
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Figure 10. Comparison of the Bode and Nyquist plots betwegperimental and simulated
data of the (a) and (b) non-machined and (c-h) macdhat 10nF in oil c-d), water e-f) and
hydroxyapatite dissolution g-h) bath for SBF imnr@msat 315K and 7.4pH.

Table 4 presents a summary of the values of the equivalgatiit elements. The
values ofRs for all samples ranged from@xcn? to 7 Qxcnt indicating their dependency
solely on the dissolution process [45, 49].
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471 After PPC, there were notable changes in the alenents of the equivalent circuit.
472  For the non-EDMed Ti6Al4V sampleB; decreased whil€PE; increased, indicating that the
473  protective capacity of the transpassivation pasBiwe was lower compared to the original
474  passive film. The value of decreased from 1.00 to 0.90 after PPC, suggestamgresence
475  of imperfections in the transpassivation film [4.2D, 45]. On the contrarfRy increased after
476  PPC, andCPEy decreased, indicating an improvement in the camosesistance of the
477  exposed material. The value nf remained at 0.85 after PPC, suggesting that thiacsu
478  topography remained rough below the passive filnb[£20, 45].

479 In contrast, the EDMed samples in the oil bath @FLand 100nF exhibited an
480 opposite behaviour, indicating that the transpassia process enhanced the corrosion
481  resistance of the passive film. As for the EDMenhgkes in the HA dissolution bath, most of
482  the equivalent circuit element values remained angbkd before and after PPC, indicating
483  that the passive film formed in this process remaisimilar properties after transpassivation.
484  After PPC treatment, the values gfamd ry exhibited lower values, suggesting alterations in
485 the material topography. However, these changes rhimilmal impact on the corrosion
486  properties. Similar trends were observed for theVieD samples in the water bath at 10nF,
487 where R; increasedCPE; and CPEy decreased after PPC, suggesting an increase in the
488  chemical inactivity of the passive film. The valugfsns andng remained similar before and
489  after PPC. Similar evolution of the passive filmsnaso observed in the EDMed samples in
490 the oil and water baths at 500nF.
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Table 4. The equivalent circuit element values for the noechined and EDMed Ti6AI4V

R, Ri CPE; Ra CPE4 Y
Sample | PPC | o om?) | (kxem?d) | (uisxem?) | ™ | kexem?d) | (usisxem?d) | M| (usis¥xem?) | MW | X707
Non- | Before | 6.131 | 2610000 5258| 1.0  0.150 6106782 508 - : 0.987
machined | After | 1.96 | 0599 | 253.798] 0.9 9510.000 9510 _ 0/85 - 1.043
oil 1one | Before | 4021 | 0159 | 37210 087 117.716 26367 093 - : 0.525
After | 5017 | 249.788| 40.298| 076 15895  133.600 093 - : 0.374
ol 1oonr | Before | 7.802 | 0307 | 18500 0.80 1540000 96200 084 - : 1.640
After | 6.866 | 6040 | 16.500| 076 846000 10400 086 T - 1.480
ol Soonr | Before | 2820 | 161710 63948 045 20401 130252 208 - : 1.570
After | 2.099 | 0364 | 132.385 0.70  43.134 1581 100 - 5.860
Water 1ome| BefOre | 4.711 i 10050 | 081  3.080 11110 0776 : T 430
After | 6.486 : 4740 | 082 0618 3703 | 0.2 : 0.701]
Water | Before | 2.910 | 0240 | 111748  0.76 2140000  33.060 009 - : 0.563
100nF | After | 3.778 : : ~ | 0011 | 124078| 080 45900 0.8  560.
Water | Before | 5180 |  1.563 8277| 080 1720000 6339 100 N 0.564
500nF | After | 3.905 | 0265 | 12.621| 0.80 1180000  6.028  0/86 - 0.563
A 1o | Before | 4.712 i 11.110| 076 2477 10500 081 : T 430
After | 2.060 | 0589 | 250580 0.50 9508.000 51334 082 - : 1.420
1oone | Before | 3810 | 0757 | 28351 0.74 19014.53427.035 | 090 : : 1.920
After | 2.424 : : - | 0.086 89079 | 068  60719] 082 @71
Asoon | Before | 6240 | 1480 | 15800 072 4530973 12000 089 - : 4370
After | 7100 | 1.927 | 14.012| 059 2312189  21.221 079 - : 1.360
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3.3.  Microstructure analysis after electrochemical test

The surface characteristics of the samples befodeadter PPC are shown in
Fig. 11. The surfaces of the EDMed samples exhibited @dasirmppearance, indicating
that the transpassivation process had only a naffect on the surface topography. In
contrast, the non-EDMed samples showed a darkeresd edter PPC, indicating the
oxidation of the Ti6Al4V material. The occurrencé localized oxidations can be
attributed to the transpassivation process [12, B8Jever, in the case of the EDMed
samples, such darkened areas were not observedisketiae material had already
undergone oxidation during the EDM process [25, 26]

After PPC, the cross-section of the EDMed sampldsbéed an additional
layer, being attributed to the deposition of digedl salts. During the PPC process, a
portion of the electrical current can be utilizedttansfer ions, which are subsequently
reduced and deposited onto the surface [38]. Taposited layer displayed a higher
prevalence of cracks and pores. It is notewortlay &l samples exhibited cracks both
before and after PPC, indicating that the transpatssn process did not significantly
alter the internal structure of the Ti6Al4V matéria

(a) (b) (c)
Without EDM Oil Water

e
I/‘{ 'fi’i/ Wi

Transpassivation Transpassivation Transpassivation
layer layer layer

50 ym

Figure 11. SEM micrograph of (a) non-EDMed (without EDMeddasamples EDMed
(100nF) samples at (b) olil, (c) water and (d) HAh@fter PPC study).

The chemical composition maps of the sample csedtions focused on
interested elements (titanium, oxygen and carban)be seen ifig. 12. Non-EDMed
specimens were mainly formed of titanium, indicgtthe passive film of this sample is
thin. Oil bath samples had a low titanium concedmraon the surface and localised
zones with high oxygen and carbon concentratiothAigh the carbon was present on
the surface, the concentration was dissimilar enstirface. These outcomes indicated
that the surface chemical composition of theseispats was heterogeneous, which is a
cause of their low corrosion resistance. Holstefb®&} observed that this is due to the
cathodic (negative) polarisation of the tool hiredehe carbon reaction with the
Ti6Al4V and pure-Ti in oil bath. This causes a heteneous and thin titanium carbide
layer. The researchers also observed that the sarifdMed in water bath had surface
totally oxidised, indicating that this process oolycur in oil bath. EDMed samples in
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water and HA bath showed a high oxygen concentratio surface and low titanium
concentration. The presence of a thick passive filmthese specimens has been
revealed by these results, indicating its formatduring the EDM process, as
previously mentioned. EDMed samples in water batbspssed a passive film thicker
than the surface generated in HA dissolution itiltid water, which is a reason of the
better corrosion resistance of the water EDMed iapats as described before. In both
cases, the passive film was larger than non-EDNpedimens, providing their superior
corrosion resistance.

Notting EDS is infeasible to determine the chemaahpound with exactitude
because this technique can only detect the elensgmtsnot the molecules. TiGnd
TiC however are the most common molecules wherokygen concentration is high.
On other hand, the non-stoichiometric molecule©gTand TiC) are the most usual
for low oxygen concentration. Aluminium and vanadiwxidise can be found these
zones.

Electron image

Non-
EDMed

Oil

Water

HA

Figure 12. EDS chemical composition maps of the 10nF samafesy PPC study
where TiQ is non-stoichiometric titanium oxide with oxygeefidient, TiO; is titanium

dioxide, TiG is non-stoichiometric titanium carbide with carboeficient and TiC is
titanium carbide.

4 Discussion

The dissimilarity in corrosion resistance among slamples is attributed to the
formation of an oxide layer during EDM. Samples jeated to a less aggressive
environment, such as an oil bath and low capaataexhibited a heterogeneous and
thin oxidised layer. The charge transfer of thespasfilm was inversely proportional to
the thickness of the passive film [25, 26], resgtin an anodic effect on the non-
oxidised areas, thereby promoting corrosion [7tréasing the capacitance (500nF)
mitigated this effect; however, it led to the fotioa of cracks and a higher average
roughness, which consequently decreased corrosesistance. The roughness
contributed to an increase in the exposed aredtangresence of crevices [45], while
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cracks further facilitated crevice corrosion [2].orGequently, EDMed samples
produced in an oil bath demonstrated lower corrosisistance compared to non-
EDMed samples.

The adverse effects of cracks and roughness orcdhmsion surface were
eliminated when the oxidised layer became homogenaad thick. This condition was
achieved in aggressive environments such as waigrhgdroxyapatite dissolution,
coupled with high capacitance. The environment Beg@poxidant elements that
chemically activated the metallic alloy [15, 25]aanjunction with the capacitance [52].
The presence of the oxidised layer even eliminsiveddetrimental effects of cracks,
being typically caused by thermal stress [2]. Agsult, EDMed samples fabricated in
water and hydroxyapatite demonstrated higher cmmosesistance compared to non-
EDMed samples. It is worth noting that hydroxyaggateDMed samples exhibited
lower corrosion resistance than water EDMed samplége potential part of PPC,
represented by the anodic branch passivation ramgse, utilized for depositing SBF
ions onto the Ti6Al4V surface [38, 40]. The thickeeof the oxidised layer can
chemically be inactivated and is directly proparabto the EDM capacitance [26, 40].
While the hydroxyapatite coating provides a proweceffect, it is relatively weaker
compared to the protection offered by the oxididager. The highest corrosion
resistance was observed in EDMed samples produddeé aighest capacitance, owing
to the dependence of the corrosion resistancethloxidised layer thickness.

The corrosion mechanisms observed in the Ti6Al4w@Eas were generally
similar across all samples. These mechanisms ¢eds a solution resistance, a
passive film, and exposed materials. The passine durfaces of the EDMed samples
exhibited roughness, resulting in a surface roughii@ctor ;) lower than 1, primarily
due to the generation of pores on the outer lageb| 20, 45]. The presence of these
similar corrosion mechanisms indicated that thesgmee of cracks and high average
roughness had a minimal effect on the corrosioratelr of EDMed Ti6Al4V, as the
samples exhibited significant corrosion resistance.

The impact of transpassivation on corrosion rescga(as observed through
EIS) varied among the samples. The microstructwéesthe samples remained
unchanged after PPC. Transpassivation induced micakevolution of the passive
film, leading to modifications in its chemical stture. This chemical evolution could
differ based on the elements involved in the foramabf the passive film, which in turn
depended on the EDM parameters [36]. Notably, tileience of transpassivation on
the corrosion resistance of samples immersed iA @iblsolution in distilled water bath
was minimal, indicating the high stability of thagsive film in this case [1, 50]. The
additional layer formed during PPC through the teteteposition of SBF salt had a
negligible effect on corrosion resistance. The @nes of a high number of defects, such
as cracks and pores, in the deposited layer sigmifiy reduced its protective
capabilities [23].
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5 Conclusions

Based on a comprehensive electrochemical and rgobsral study, the
corrosion characteristics of the Ti6AlI4V alloy wareestigated under different EDM
conditions in simulated body fluid. The followingrclusions can be drawn from this
analysis:

The EDMed samples exhibited higher nobility comgate the non-EDMed
samples, primarily attributed to the formation of @idised layer during the electrical
discharge machining processes.

The corrosion resistance of samples machined usiagtrical discharge in
aggressive baths (such as water and hydroxyamghsselution) is higher compared to
non-EDMed samples. When EDM is performed in arbath, the corrosion resistance
of the samples decreases due to the formation bé&tarogeneous layer. Samples
furthermore produced with high capacitance exhijpéater corrosion resistance than
those EDMed at low capacitance.

The corrosion mechanism remains similar for all glas before PPC, but it
diverges afterward. The chemical evolution resgltinom transpassivation varies
depending on the oxidised elements present in #ssiye film. Additionally, this
process leads to the electrodeposition of SBF el&ran Ti6AlI4V samples.

Although EDM samples immersed in water exhibit thighest corrosion
resistance, an additional beneficial property & phesence of a hydroxyapatite film on
these samples, which contributes to good biointggri

This research provides a cost-effective and efficimethod for generating
Ti6Al4V surfaces that offer both high corrosionistégnce and excellent biointegration.
The implications of this work are significant, bétieg various industries, particularly
the biomedical sector.
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